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Abstract. The implementation of the Global Positioning System (GPS) network of satellites
and the development of small, high-performance instrumentation to receive GPS signals have cre-
ated an opportunity for active remote sounding of the Earth's atmosphere by radio occultation at
comparatively low cost. A prototype demonstration of this capability has now been provided by
the GPS/MET investigation. Despite using relatively immature technology, GPS/MET has been
extremely successful [Ware et al., 1996; Kursinski et al., 1996], although there is still room for
improvement. The aim of this paper is to develop a theoretical estimate of the spatial coverage,
resolution, and accuracy that can be expected for atmospheric profiles derived from GPS occulta-
tions. We consider observational geometry, attenuation, and diffraction in defining the vertical
range of the observations and their resolution. We present the first systematic, extensive error
analysis of the spacecraft radio occultation technique using a combination of analytical and simula-
tion methods to establish a baseline accuracy for retrieved profiles of refractivity, geopotential, and
temperature. Typically, the vertical resolution of the observations ranges from 0.5 km in the
lower troposphere to 1.4 km in the middle atmosphere. Results indicate that useful profiles of re-
fractivity can be derived from ~60 km altitude to the surface with the exception of regions less than
250 m in vertical extent associated with high vertical humidity gradients. Above the 250 K alti-
tude level in the troposphere, where the effects of water are negligible, sub-Kelvin temperature ac-
curacyis predicted up to ~40 km depending on the phase of the solar cycle. Geopotential heights
of constant pressure levels are expected to be accurate to ~10 m or better between 10 and 20 km al-
titudes. Below the 250 K level, the ambiguity between water and dry atmosphere refractivity be-
comes significant, and temperature accuracy is degraded. Deep in the warm troposphere the contri-
bution of water to refractivity becomes sufficiently large for the accurate retrieval of water vapor
given independent temperatures from weather analyses [Kursinski et al., 1995]. The radio occulta-

tion technique possesses a unique combination of global coverage, high precision, high vertical
resolution, insensitivity to atmospheric particulates, and long-term stability. We show here how
these properties are well suited for several applications including numerical weather prediction and

long-term monitoring of the Earth's climate.

1. Introduction

Given the nonlinear character of the climate system, an un-
derstanding of both ‘its natural variability and its response to
anthropogenically driven changes in radiative forcing requires
long-term observations of temperature structure and water va-
por concentrations in the troposphere and stratosphere. These
parameters must be measured with sufficient accuracy, resolu-
tion, and spatial and temporal coverage to improve our knowl-
edge of the fundamental processes involved in global change
[Houghton et al., 1990]. With the development of the Global
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Positioning System (GPS) satellite network, an opportunity
now exists to acquire valuable new temperature, pressure, and
humidity data using radio occultation. Timely delivery of oc-
cultation data would represent an important, new contribution
to the set of observations available for operational meteorol-
ogy and, in particular, could play a significant role in global
numerical weather prediction (NWP). Since the occultations
are widely distributed, the data from even one receiver in low
Earth orbit (LEO) represents a significant contribution to the
global observing system, particularly in remote areas where
little high vertical resolution information presently exists. If
many such receivers were in LEO, they would represent a very
major source of information on the atmosphere's temperature
and humidity fields [Eyre, 1994]. The unique combination of
global coverage, high precision, high vertical resolution,
long-term stability, and all-weather viewing, enabled by the
long GPS wavelengths, will complement and enhance data sets
obtained by existing in situ and remote sounding techniques.
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In radio occultation the radio path between an orbiting
transmitter and an orbiting receiver traverses the Earth's at-
mosphere and is deflected primarily by the vertical gradient of
atmospheric refractivity. At radio wavelengths, bending angle
is derived from the Doppler shift in the refracted beam, given
sufficiently accurate frequency and orbit geometry measure-
ments. Refractivity can then be retrieved from the bending
angle profile. From the midtroposphere to the mesosphere,
profiles of atmospheric bulk density and therefore pressure and
temperature can be derived from refractivity profiles. In the
lower troposphere, water vapor also makes a significant con-
tribution to refractivity, so that temperature and water cannot
be retrieved independently using the present GPS frequencies.
However, radio occultation bending angle and refractivity do
provide important constraints on temperature and humidity
profiles for numerical weather prediction models. At low lati-
tudes in the lower troposphere, refractivity variations are
dominated by water vapor, and high vertical resolution humid-
ity profiles can be retrieved, given independent temperature
data.

Radio occultation measurements of the terrestrial atmos-
phere using signals transmitted by GPS satellites and received
by one or more satellites operating in LEO can yield approxi-
mately 500 profiles per LEO orbiter daily. High vertical reso-
lution is provided by limb-sounding geometry and a point-like
field of view, although in practice, resolution is limited by dif-
fraction effects to approximately 1 km at the limb or lowest
height of the radio path. Precision is limited by the accuracy
with which the Doppler frequency shift can be determined.
Profile measurements are inherently stable in the long-term
because frequency is derived either from stable atomic reference
clocks or from less stable clocks whose instabilities can be
solved for and removed. This resolution and precision can be
achieved with modest spacecraft attitude control capabilities,
because Doppler shift is independent of spacecraft orientation
and both the transmitter and the receiver have broad fields of
view. Finally, because GPS occultation measurements are
made at radio wavelengths, they are insensitive to particulates,
which contaminate many tropospheric remote sounding tech-
niques.

The application of the radio occultation technique to the
remote sounding of the Earth's atmosphere was first suggested
in the 1960s [Fishbach, 1965; Lusignan et al., 1969]. How-
ever, to achieve the global coverage and accuracy needed to
enhance the existing atmospheric data set, multiple orbiting
transmitters and receivers were required at a cost exceeding the
level of interest. As a result, the practical and theoretical de-
velopment of the radio occultation concept was directed toward
the remote sounding of planetary atmospheres through a com-
bination of efforts primarily at the Jet Propulsion Laboratory
(JPL) and Stanford University. Radio occultation is now well
established in the NASA planetary program due to its success-
ful application to the atmospheres of Venus, Mars, and the
outer planets through missions including the Mariner, Pio-
neer, and Voyager series [e.g.. Fjeldbo et al., 1971; Kliore and
Patel, 1982; Lindal et al., 1983; Hinson and Tyler, 1983; Ty-
ler et al., 1986, 1989; Lindal, 1991].

Utilization of the GPS network of satellites to characterize
the Earth's atmosphere by radio occultation was originally
conceived for the NASA Earth Observing System in the form of
the GPS Geoscience Instrument (GGI) [Yunck et al., 1988].
Subsequently, GPS radio occultation capabilities and applica-
tions have been discussed by a number of authors [Hardy et al.,
1992; Yuan et al., 1993; Gorbunov and Sokolovskiy, 1993;
Kursinski et al., 1995] and have drawn attention in the general
literature [Kerr, 1992]. The first of a series of opportunities to
demonstrate the GGI concept came with the GPS-MET investi-
gation led by the Universities Corporation for Atmospheric
Research (UCAR) with funding from NSF, NOAA, and NASA
[Ware et al., 1996]. This mission placed a modified Tur-
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boRogue receiver developed by JPL and Allen Osborne Associ-
ates into a 70° inclination, LEO in April 1995 as an addition
to the payload of the Microlab 1 spacecraft developed for
NASA by the Orbital Sciences Corporation. The assessment of
accuracy and resolution of the initial GPS-MET results has
been under way since launch through comparison with ra-
diosondes and satellite data. Our team has focused on compar-
ing occultation results with The European Centre for Medium-
Range Weather Forecasts (ECMWF) weather model analyses to
take advantage of (1) quality-screened radiosonde and passive
sounder data assimilated into the model, (2) the translation of
the very different radiosonde and passive nadir-sounding reso-
lutions to the model resolution which is more consistent with
that of the occultation observations, and (3) one of the best es-
timates of the global state of the atmosphere. Initial results
indicate rms temperature differences w.r.t. ECMWF are roughly
1.5 K with mean differences of the order of 0.5 K in the north-
ern hemisphere where model results are most accurate [Hajj et
al., 1995; Kursinski et al., 1996]. Comparison of geopoten-
tial height derived from occultation data with ECMWF agree on
average to 10 to 20 m with a scatter of 20 m rms [Leroy,
1997]. Poorer agreement in the southern hemisphere pre-
sumably reflects the impact of sparse radiosonde data on
ECMWF model performance.

While these initial comparison results are very promising,
they only establish upper limits on accuracy and resolution
because of limitations in the ECMWF model, the assimilated
data, and the initial occultation results, which should improve
as occultation instrumentation and inversion techniques
evolve. The primary goal of this paper is to develop and es-
tablish first-order estimates of the resolution and accuracy in-
herent to the profiles of refractivity, density, pressure, and
temperature derived from GPS occultations. This includes the
development of a systematic and comprehensive examination
of sources of error and their impact on retrieved quantities rep-
resenting the first such analysis in the 30 year history of the
spacecraft radio occultation technique. Such estimates define a
baseline of expectation for developers to compare against and
explain to those developing methods of assimilating occulta-
tion data into models what the sources and characteristics of er-
ror are so as to better optimize the assimilation process. Hav-
ing estimated resolution and accuracy, areas where these fea-
tures can have a significant impact will be identified and de-
scribed briefly.

To accomplish these objectives, the paper is structured as
follows. It begins with an overview of the occultation concept
and technique (sections 2.2 and 2.3). Sources of atmospheric
attenuation which may limit the altitude range of the observa-
tions are then described together with their impact on meas-
urement sensitivity (section 2.4). The spatial resolution of
the observations and derived quantities is then developed in
terms of both the vertical weighting contribution to an indi-
vidual measurement and the diffraction limit (section 2.5).
Section 3 presents a detailed examination of sources of error.
Finally, having established the vertical range and resolution
and expected accuracy, areas in atmospheric science where the
occultation observations will have a significant impact are
identified and discussed briefly in section 4. This paper fo-
cuses almost entirely on the dry atmosphere profiles of den-
sity, pressure, and temperature. The accuracy of water vapor re-
trieved from GPS occultations has been discussed by Kursinski
et al. [1995], the results of which are summarized in section
2.3.

2. Overview of the Occultation Technique

2.1. GPS Radio Occultation Concept

The GPS consists of 24 satellites, distributed in six orbital
planes about the globe. Each satellite orbit is circular, with an
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Figure 1. Instantaneous occultation geometry for the Global
Positioning System (GPS) and low Earth orbiter (LEO) satel-
lites defining variables for the derivation of ¢ and a from Dop-
pler shift, spacecraft position, and spacecraft velocity meas-
urements.

inclination of ~55°, a period of 12 hours and an altitude of
20,200 km. Although the GPS was designed and developed as
a navigation aid by the U.S. Air Force, the civilian community
has taken advantage of its capabilities for many additional
high-precision applications including now the study of the
atmosphere. A schematic representation of atmospheric pro-
filing by GPS radio occultation, using a receiver in LEO, is
given in Figure 1. From the standpoint of the receiver, an oc-
cultation occurs whenever a GPS satellite rises or sets and the
ray path from its transmitter traverses the Earth’s atmospheric
limb. With 24 GPS satellites, a single GPS receiver in a near-
polar orbit at 800 km will observe over 500 occultations per
day, distributed fairly uniformly about the globe (Figure 2).
This number can be doubled if the receiver is also capable of
receiving signals from the Russian Global Navigation Satel-
lite System (GLONASS) constellation, a network similar in
function and performance to the GPS. All of these occultations
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provide useful atmospheric data. The horizontal distribution
of coverage depends chiefly on the inclination and period of
the LEO satellite orbit. Better coverage is achieved by placing
additional receivers in orbit. A set of 25 GPS/GLONASS re-
ceivers in diverse low Earth orbits would provide approxi-
mately 25,000 daily occultations yielding an average of one
profile every 150 km square.

GPS-LEO occultation observations are made in a limb-
scanning mode, where vertical scanning is provided by rela-
tive motion between the GPS and the LEO satellites (Figure 1).
In the geometrical optics approximation, a ray passing
through the atmosphere is refracted according to Snell’s law
due to the vertical gradient of density and hence refractive in-
dex. The overall effect of the atmosphere can be characterized
by a total bending angle @, an asymptotic ray miss-distance or
impact parameter a, and a tangent radius 7y defined in Figure 1
depicting the instantaneous GPS-LEO occultation geometry.
During an occultation, as the ray path descends or ascends
through the atmosphere, the variation of o with r or a depends
primarily on the vertical profile of atmospheric refractive in-
dex. This profile can be retrieved from measurements of « as a
function of a during the occultation, subject to the assumption
of local spherical symmetry (section 2.2).

The time dependence of both & and a during an occultation
can be derived from accurate measurements of the Doppler-
shifted frequency of the transmitter signal at the receiver. Fre-
quency is obtained from the derivative with respect to time of
the signal phase measured by the receiver. Doppler shift is de-
termined by the projection of spacecraft velocities onto the
ray paths at the transmitter and receiver, so that atmospheric
bending contributes to the measured Doppler shift. Data from
several GPS transmitters can be used to establish the precise
positions and velocities of the GPS and LEO satellites and to
calculate the Doppler shift expected in the absence of bending.
The atmospheric contribution to Doppler shift, derived by sub-
tracting the expected shift from the measured shift, can then be
combined with satellite position and velocity knowledge to
give an estimate of a and a (section 2.2).
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Figure 2. Distribution of occultations observed in 9 day by a polar orbiter at 800 km altitude viewing 24
GPS satellites. Solid lines indicate setting or ingress occultations, thin solid lines are rising or egress occulta-
tions, and dashed lines are side-viewing or grazing occultations. Line length is approximately along-track av-

eraging interval (see section 2.5).
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The accurate retrieval of atmospheric refractivity profiles
depends on accurate estimates of o and a which, in turn, depend
on accurate measurements of transmitter signal phase and sat-
ellite position and velocity as a function of time. Each GPS
satellite continuously transmits right-hand circularly polarized
signals at two L band frequencies, 1575.42 MHz (L1) and
1227.6 MHz (L2), corresponding to wavelengths of 19.0 cm
and 24.4 cm, respectively. These are modulated at a frequency
of 10.23 MHz by a pseudo-random precision ranging code (P
code) [Spilker, 1978]. The L1 carrier signal is also modulated
at a frequency of 1.023 MHz by a coarse/acquisition (C/A)
ranging code. In order to make full use of the atmospheric in-
formation contained in these signals, a GPS receiver operating
in LEO must be able to measure the phase and amplitude of the
L1 and L2 carrier signals. Comparison of L1 and L2 phase
measurements forms the basis for separating atmospheric and
ionospheric contributions to « (section 3.7).

2.2 Atmospheric Bending and Refractive Index

Profile Retrieval: Theory
2.2.1 Atmospheric refraction and spherical
symmetry. In the geometric optics approximation to the

propagation of electromagnetic radiation the path of a ray
passing through a region of varying refractive index is deter-
mined globally by Fermat’s principle of least time and locally
by Snell’s law. In the most general case, it is not possible to
retrieve the three-dimensional variation of index of refraction
n from measurements of « as a function of a during an occulta-
tion. However, the variation of n along a limb path in the
Earth’s atmosphere is dominated by the vertical density gradi-
ent so that, to the first order, the gradient of n is directed radi-
ally and the local refractive index field is spherically symmet-
rical such that the total refractive bending angle is

_ 0 _ N din(n)
wa) = 21[ do = ZaJ 2n2-a2 i dr "

where r is distance from the center of curvature and the integral
is over the portion of the atmosphere above ry. Equation (1),
the forward calculation of afa) given n(r), can be inverted by
using an Abelian transformation to express n(r) in terms of «
and a [Fjeldbo et al., 1971].

n(r) = Exp —:EJ ~Lda
a

Ve -a (2)

where a; = nr is the impact parameter for the ray whose tangent
radius is r. Given a(a), (2) can be evaluated numerically.

2.2.2 Departures from spherical symmetry. The
derivation of n(r) from o(a) using the Abel transform inversion
of (2) is only valid for a spherically symmetrical atmosphere.
However, the ellipsoidal shape of the Earth and horizontal gra-
dients in atmospheric structure produce small departures from
spherical symmetry in the refractive index field. Furthermore,
the ray paths for a given occultation do not generally scan the
atmosphere vertically nor are they coplanar. Measurements of
a(a) will therefore be affected by tangential refractivity gradi-
ents and occultation geometry, and (2) will introduce system-
atic errors into retrieved profiles of n(r) (section 3.11).

Errors associated with the Abel transform inversion depend
on the accuracy with which the spherical symmetry approxi-
mation applies locally. First-order errors due to the ellipsoid
can be eliminated by selecting a center and radius of curvature
appropriate to the latitude and orientation of the occultation
measurement. For a given ray path, the majority of atmos-
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pheric bending occurs within a horizontal interval of 200-300
km centered on the tangent point (section 2.5). The local
spherical symmetry approximation will be accurate for a given
occultation provided the horizontal scale of atmospheric struc-
ture is greater than this interval and the spread of tangent
points lies well within it.

The results of the simulations described in section 3 show
that the Abel transform will generally be quite accurate as an
initial retrieval scheme for GPS occultations of the Earth's at-
mosphere. Improved accuracy requires incorporation of known
local horizontal structure into the profile retrieval process.
Such a scheme has been developed for the special case of ellip-
tical symmetry to invert radio occultation observations of the
oblate atmospheric structure of the outer planets [Lindal,
1991]. More general approaches are evolving to take advan-
tage of multiple occultations and a priori information
[Gorbunov and Sokolovskiy, 1993; Eyre, 1994; Hajj et al.,
1994].

2.2.3 The derivation of oa(a) from Doppler
shift measurements. As noted in section 2.1, the effect
of atmospheric bending on a GPS signal received at a LEO re-
ceiver can be measured as an additional Doppler shift relative
to that expected for a straight line signal path. Subject to the
assumption of local spherical symmetry, Doppler shift can be
combined with satellite position and velocity vector measure-
ments to determine oa). Using the geometry and notation of
Figure 1, the Doppler shift fq in the transmitter frequency fr,
measured at the receiver produced by the projection of the
spacecraft velocities onto the ray paths, is given by

\ £ -~ -
fy = S (VT‘eT + Vk'ek) =
fT r 0 . r 0 .
S Vr cos ¢ + Vrsin ¢ + Vg cos @ - Vi sin ¢ 3)

where VR and VT are receiver and transmitter velocity vectors,
&R and &t are unit vectors representing the direction of the ray
path at the receiver and transmitter, and c¢ is the velocity of
light. The RHS of (3) has resolved the velocity vectors into
radial (superscript r) and tangential  (superscript 0) compo-
nents, and ¢ and QR are the angles between the ray path and
the spacecraft position vector at the transmitter and receiver
(Figure 1). In writing (3), the relativistic contributions to the
received frequency have been eliminated on the basis of
knowledge of orbital geometry and Earth's gravity field.
Under spherical symmetry, Snell's law becomes

nrsing =constant=a=nr, “4)

known as Bouguer’s rule (Born and Wolf, 1980). As r — o, n
— unity, so that the constant term in (4) must equal a, the im-
pact parameter, defined in Figure 1. Furthermore, at the ray
tangent radius ry, also defined in Figure 1, sind = unity so that
a = nry. From Bouguer’s rule and the geometry of Figure 1, we
have:

rpsin @, =rpsin ¢, =a 5)
a=¢ + ¢ +0-7 (6)

where rg and r7 are the distances of the receiver and transmitter
from the center of curvature, and 6 is the angle between the
transmitter and the receiver position vectors.

Given measurements of transmitter and receiver position
and velocity vectors, transmitter frequency, and Doppler shift,
o(a) can be derived iteratively from (3), (5), and (6) by elimi-
nating ¢7 and ¢g. Note that because Bouguer’s rule is invoked,
this derivation is only exact under the assumption of local
spherical symmetry. Errors in o and a due to this assumption
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have a small effect on retrieved refractive index profiles com-
pared with the use of the Abel transform inversion and are in-
cluded in the analysis of section 3.

2.3. Derivation of Atmospheric Properties From
Refractive Index Profiles

2.3.1. The dependence of refractive index on
- atmospheric properties. In order to derive atmospheric
properties from retrieved profiles of the real component of at-
mospheric refractive index n, it is necessary to know how
these properties influence n. At microwave wavelengths in the
Earth's atmosphere, n contains contributions from four main
sources. These are, in order of importance, the dry neutral at-
mosphere, water vapor, free electrons in the ionosphere, and
particulates (primarily liquid water). Their effects are given to
first order by

N = (n-1)x10° =

P
77.65; + 3.73x105F” +403x107 % + 14w )

fz

where N is refractivity, P is atmospheric pressure in mbar, T is
atmospheric temperature in Kelvin, P, is water vapor partial
pressure in mbar, n, is electron number density per cubic me-
ter, f is transmitter frequency in Hertz, and W is liquid water
content in grams per cubic meter. Throughout this paper, the
four refractivity terms in (7) are referred to as the dry, moist,
ionospheric, and scattering terms.

The dry refractivity term is due to the polarizability of
molecules in the atmosphere, i.e., the ability of an incident
electric field to induce an electric dipole in the molecules. Dry
refractivity is proportional to molecular number density and is
dominant below ~60-90 km. The moist refractivity term is due
primarily to the large permanent dipole moment of water vapor
and becomes significant in the lower troposphere. The form of
the dry and moist terms in (7) was given originally by Smith
and Weintraub [1953], and their accuracy is discussed in sec-
tion 3.9. The ionospheric term in (7) which is a first-order ap-
proximation to the Appleton-Hartree equation [Papas, 1965] is
mainly due to free electrons in the ionosphere and becomes
important above ~60-90 km. The scattering term given in (7)
is due to liquid water droplets suspended in the atmosphere.
For ice crystals the scale factor is roughly 0.6 rather than 1.4
[Kursinski, 1997]. For realistic suspensions of water or ice
the scattering term is small in comparison with the other terms
and is therefore neglected [Kursinski, 1997].

A representative example of atmospheric bending as a func-
tion of ray path tangent height is shown in Figure 3. The first
curve is bending due to the vertical refractivity structure of the
U.S. Standard Atmosphere. Bending decreases rapidly with
tangent altitude, from 1° to 2° near the surface to ~2 x 10° deg.
at 80 km where the bending is roughly equal to the measure-
ment precision. The small size of measurement error relative
to bending angle magnitudes in the lower atmosphere demon-
strates the extreme precision with which atmospheric delay
can be determined.

The second and third curves in Figure 3 include the bending
contribution of the ionosphere based on Chapman layer repre-
sentations of the E- and F-region electron. density profiles.
The second and third curves include the ionospheric bending
under nighttime and daytime conditions, respectively, at the
maximum of the solar cycle. Ionospheric bending depends
weakly on altitude for tangent altitudes below 80 km because
ionospheric refractivity gradients are greatest above 90 km,
significantly above the ray path tangent point. Under daytime
conditions during the maximum of the solar cycle, ionospheric
bending exceeds atmospheric bending above 30 km and there-
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Figure 3. Atmospheric and ionospheric bending for limb ray
paths plotted as a function of ray path tangent height. Solid
line, bending calculated for U.S. Standard Atmosphere
[Champion et al., 1985]. Long-dashed line, bending calculated
for U.S. Standard Atmosphere plus typical midlatitude iono-
sphere during daytime, solar maximum conditions. Short-
dashed line, bending calculated for U.S. Standard Atmosphere
plus typical midlatitude ionosphere during nighttime, solar
maximum conditions.

fore must be well calibrated to derive accurate profiles in the
middle atmosphere.

It is clear from (7) that there is ambiguity between the con-
tributions of the dry, moist, and ionospheric terms to refrac-
tivity. Separation and removal of the dispersive ionospheric
contribution in (7) using the dual GPS transmitter frequencies
L1 and L2 is described in detail in section 3.7.

2.3.2. Derivation of pressure and temperature.
After correcting for the ionosphere, only the dry and moist at-
mospheric contributions to refractivity remain. In regions
where the atmosphere is drier than a volume mixing ratio of
1074, the moist term can be neglected and (7) reduces to N =
77.6 P/T. Combining this with the equation of state (the ideal
gas law) gives density as a function of refractivity;

Nrym _ P(nm
bR ~ TR

where R is the gas constant, m is the mean molecular mass of
dry air, p(r) is the air density in kg m?, and b; = 77.6 N-unit K
mbar”. The small effects of nonideal behavior, ignored in (8)
for simplicity and clarity, are discussed in section 3.9. In dry
air below the homopause (~100 km altitude), m is a known
constant, so that pressure can be obtained from density by in-
tegrating the equation of hydrostatic equilibrium:

pr) = ®

oP/or = -gp 9)

where g is the acceleration due to gravity. The integration is
started at a pressure level derived from a temperature guess high
in the atmosphere. Initial pressure errors in the temperature
guess decrease rapidly as the integration moves deeper into the
atmosphere (section 3.10), and accurate temperature profiles
can be derived from profiles of p and P throughout the strato-
sphere down to the midtroposphere and below depending on
latitude.

The presence of significant tropospheric water vapor com-
plicates the interpretation of refractivity. However, in the
colder tropospheric regions, where water vapor concentrations
are small, accurate profiles of density, pressure, and tempera-
ture can be retrieved, given an estimate of humidity. From (7)

and the gas law,
m bZPw
p= PR (N - 7) (10)
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where by = 3.73x10° K* mbar™, and m is now the mean molecu-
lar mass of moist air. Pressure and temperature profiles are de-

and the new tembpera-

0G0 WA Ic KLipela

rived from the density profile using (9),

ture and mean molecular mass profiles are then used in (10) to
update the estimate of p. This process is repeated iteratively a
few times until the derived temperature profile converges. Wa-
ter vapor concentration estimates can be obtained from inde-
pendent observations, weather analyses or climatology. Sen-
sitivities to water vapor uncertainties are characterized in sec-
tion 3.13.

2.3.3 Derivation of water vapor. Deeper in the
troposphere, water vapor concentrations increase contributing
up to 30% to net refractivity and can locally dominate the ver-
tical refractivity gradients and bending near the surface in the

tropics. Equation (7) can be rearranged to solve for water va-
por, so that
NT> - b PT
Py = ———— an
b,

The recovery of water vapor from measurements of N, using
(1), rcqu1res knowledge of temperature derived from climatol-
Ogy, ]l’l(leCIl(lCﬂl ODberdll()Ilb or weather analyses The ver-
tical scales of water vapor variability, generally much smaller
than that of the dry atmosphere, may also be used to constrain
the wet and dry contributions to refractivity. In practice, T(7)
is assumed and P,(r) and P(r) are derived iteratively from (9),
(10), and (11).

The accuracy to which lower tropospheric water vapor pro-
files can be retrieved has been estimated by Kursinski et al.
[1995]. At low latitudes, humidity derived from individual pro-
files should be accurate to 20% up to 6 or 7 km altitude and to
better than 5% within the convective boundary layer, given
independent temperature at accuracies of ~1.5 K presently
available from weather analyses. Accuracies decrease at higher
latitudes and during winter conditions such that at 45° latitude,
20% accuracy varies from approximately 5 km in the summer
to 2-3 km in the winter. The accuracy of averaged water vapor
for climatological purposes will depend on climatological
temperature accuracy and may be of the order of 3 times better
than the accuracy of individual water vapor profiles.

2.4. Atmospheric Attenuation:
Performance

Signal-to-Noise

In the lower troposphere, increasing pressure and humidity
reduce the strength of the occulted signals while increasing
their variability, a combination which could limit the altitude
range of the occultation coverage. While these problems
have, in fact, limited initial GPS-MET coverage in the lower
troposphere, they are surmountable with improvements in in-
strumentation and inversion techniques within the resolution
constraints defined in section 2.5. In order to acquire an oc-
culted signal, the signal-to-noise intensity ratio (SNR) at the
receiver must exceed a critical value of about 10. If SNR falls
below this value, phase lock and the signal are lost. SNR is
determined by GPS transmitter power, receiver noise perform-
ance, observational geometry, and signal attenuation due to
the atmosphere. In the lower troposphere, signal acquisition
can be further complicated by atmospheric multipath where
several weak occulted signals exist simultaneously. The ef-
fects of atmospheric multipath and atmospheric attenuation
and the SNR performance expected from a GPS receiver in low
Earth orbit are described below.

2.4.1. Atmospheric attenuation. The attenuation
mechanisms affecting propagation of GPS signals across the
atmospheric limb are absorption by atmospheric constituents,
extinction by particle scattering, and defocusing. Atmos-
pheric absorption at L band wavelengths is dominated by the
far wings of pressure-broadened molecular oxygen which re-
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duces GPS signal intensities by a factor of 2 for a limb path
with a tangent height near the surface based on spectra from
Chahine et al. [1983]. Extinction caused by realistic suspen-
sions of water droplets or ice particles in the atmosphere is
negligible at L band wavelengths [Kursinski, 1997].

The dominant attenuation mechanism is defocusing, which
occurs when rapidly changing vertical refractivity gradients
cause adjacent, nearly parallel rays entering the atmosphere to
bend differentially and diverge, reducing (or sometimes en-
hancing) signal intensity at the receiver. The intensity of an
occulted signal after defocusing can be represented by the ap-
proximate expression [Haugstad, 1978]

I =IM, where M = (1 + D do/da)" = (1 - Do/HY"', (12)

I is the observed signal intensity, Iy is the signal intensity

observed in the absence of defocusing, D is the distance from
the receiver to the limb, o is hpndmo anolp and g is the im-
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pact parameter (see Figure 1). Hy is the local bending an le
scale height defined by the approximation o = age @ -ag)/
where a = ag. The variation of the defocusing factor M w1th
limb ray path tangent altitude, calculated for a vertical refrac-
tivity profile corresponding to a radiosonde ascent from Hilo,
Hawan, in July 1991 assuming spherical symmetry, is 1llus-
trated in Figure 4a. Three general features of the curve should
be noted. Firstly, a gradual, overall reduction in M with de-
creasing altitude is caused by the exponential increase of bend-
ing angle with decreasing altitude (Figure 3, (12)). Secondly,
rapid vertical variations in M are associated with sharp vertical
changes in the refractivity gradient caused primarily by verti-
cal water vapor mixing ratio fluctuations. These variations
provide a sensitive measure of the local refractivity scale
height and humidity fluctuations. Finally, signals with ray
path tangent heights that fall within certain vertical intervals
are attenuated completely. In Figure 4a, attenuation is com-
plete at the top of the marine boundary layer near 3.8 km asso-
ciated with the transition between the boundary layer and the
overlying atmosphere.

Complete attenuation occurs at ray path tangent altitudes
where the vertical refractivity gradient becomes so large that
the radius of curvature of the ray is smaller than the radius of

curvature of the atmosphere, causing the ray to curve down into

the surface This happens when the refractivity gradient dN/dr
< -10%/R,, where R, is the radius of curvature of the atmos-
phere; for a mean value of R, dN/dr ~ -0.16 N-units m™. Of the
vertical gradients in pressure, temperature, and water vapor
contributing to dN/dr via (7), only the water vapor gradient is
capable of producing critical gradients. Under conditions rep-
resentative of the top of the marine boundary layer, water va-
por partial pressure gradients of < -34 mbar km™ will produce
critical gradients. During the 1969 Atlantic Trade wind Ex-
periment (ATEX), the transition at the boundary layer top was
~200 thick on average with mean changes in temperature and
water vapor partial pressure across the region of 5 K and 6
mbar [Augstein et al., 1974]. The resulting contributions to
dN/dr by the average temperature and mmsture gradients are
about -0.03 N-units m™ and -0.12 N-units m”, respectively.
While the temperature contribution is small, the mean water
vapor gradient is 75% of the critical value, indicating a sig-
nificant fraction of occultations will experience critical refrac-
tion in regions where a sharp inversion caps the marine
boundary layer.

The vertical extent of the critical refraction interval is de-
rived from Bouguer's rule. In order for a ray to leave the at-
mosphere, ¢ in (4) must be less than or equal to /2 away from
the tangent point, such that nr > ngry where the subscript "t" re-
fers to the ray path tangent where ¢ is /2. It follows that rjn;
= rgng where the indices 1 and O refer to the tangent points of
the extreme ray paths, respectively, at the top and bottom of
the interval of complete attenuation. The vertical extent of the
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(a) Variation of defocusing factor M with altitude (equation (12)). (b) The diameter of the first

Fresnel zone defined by (14) and (15) plotted as a function of ray path tangent height. Both M and diameter of
the first Fresnel zone are calculated for a refractivity profile derived from radiosonde temperature and humidity
profiles, assuming spherical symmetry. Radiosonde ascent 1200 UT, July 11, 1991, Hilo, Hawaii.

interval is given by
Ar=r,-ry=r,(1 -nlny)=r,An/ n, = r,An,

where An = ng - nj. The large change in index of refraction An
occurs primarily across the boundary layer transition region
which has a vertical extent Az. Therefore

Ar=r, (dnldz), Az =r, /R, Az = 1 Az

where 7 is the ratio between the large index of refraction gradi-
ent across the transition region (dn/dz)y and the critical index
of refraction gradient 1/R.. The vertical interval of critical re-
fraction therefore depends on both the magnitude and the verti-
cal extent of the large refractivity gradient. As an example, an
extremely large vertical moisture gradient observed by a ra-
diosonde over Hilo, Hawaii (October 1, 1993 0000 UT) ex-
ceeded the critical gradient by a factor of 3 over a vertical in-
terval Az ~ 80 m such that an occultation of this region would
have observed a vertical interval of critical refraction 240 m in
extent.

Accurate recovery of refractivity structure below the critical
refraction interval using the Abel transform requires that the
existence of the singularity in the ofa) profile due to the infi-
nite bending angle at the critical refraction interval be identi-
fied and that the numerical implementation of the Abel trans-
form integrate across the singularity. Structure within the in-
terval must be derived via interpolation. Errors in derived re-
fractivity below the interval due to an imperfect representation
of the singularity will be greatest at the bottom edge of the
critical refraction interval and will decrease rapidly at lower al-
titudes. Because of the singularity, ray tracing inversion
schemes may prove better suited for recovering vertical stuc-
ture under these conditions. This is presently an area of re-
search.

The prototype GPS-MET receiver typically tracks to 5 km
altitude or lower, which indicates that critical refractivity gra-
dients extending over sufficiently large vertical and horizontal
scales to extinguish occulted GPS signals must be at or below
5 km altitude. Given the low SNR of the receiver, it is likely
that critical refraction regions lie still lower in altitude proba-
bly associated with the extreme gradients of capping inver-
sions marking the transition between the boundary layer and
the free troposphere at the trade wind inversion. Critical re-
fraction is therefore probably limited to within 4 km (and more
typically 2 km) of the surface at low latitudes and lower alti-
tudes at higher latitudes. Any degradation in accuracy associ-
ated with these extreme gradients beyond the accuracy expecta-

tions summarized in section 3.14 will be limited to the altitude
interval within a few kilometers of the surface.

2.4.2 Atmospheric multipath. Atmospheric multi-
path occurs when an interval of high refractivity gradient over-
lies a region of lower gradients resulting in more than one sig-
nal path between the transmitter and the receiver. It is gener-
ally produced by water layers and is therefore more frequent at
lower latitudes. From the standpoint of retrieving vertical re-
fractivity profiles, each of the multiple signal paths has a
unique tangent height and therefore samples a unique value of a
in the « versus a profile. Therefore the receiver must be capa-
ble of acquiring each of the multiple signals to enable recovery
of the complete ofa) profile for the Abel transform (equation
(2)). Given that its design is minimally modified from a
ground-based receiver, the prototype GPS-MET receiver does
not fair well in the presence of atmospheric multipath because
of the problems the weak and interfering multiple signals pose
for the phase-locked loop. Improvements in signal tracking,
enabling recovery of multiple signals consistent with the at-
tenuation discussion below, are under development at JPL and
will be incorporated in several receivers launching over the
next 3 years.

2.4.3 Signal-to-noise performance. The GPS
network transmits relatively powerful signals designed for
simple, hand-held receivers. In the absence of atmospheric at-
tenuation the prototype GPS-MET receiver with a small hemi-
spherical field-of-view antenna in low Earth orbit has obtained
SNRs of ~1-2 x 10’ over the 20 ms integration period used at
present for the radio occultation observations. Future instru-
mentation will improve upon this SNR by perhaps an order of
magnitude.

Allowing for the molecular oxygen attenuation factor of 2
near the surface and the SNR of 10 required for receiver phase
lock, attenuation by a factor of at least 100 (20 dB) in inten-
sity due to atmospheric defocusing can be tolerated before loss
of signal occurs. This margin is sufficient for signals to be
tracked throughout the atmosphere with the exception of re-
gions of very sharp refractivity gradients (Figure 4a). GPS
signal paths will in fact probe the entire atmosphere apart
from occasional small critical refraction intervals just dis-
cussed. Implications of SNR on the accuracy of derived refrac-
tivity, pressure, and temperature are discussed in section 3.3.

Encryption of GPS signals for military purposes is another
issue. Two types of encryption exist: selective availability
(SA), which alters the apparent GPS satellite positions, and
anti-spoofing (AS), which eliminates jamming of the GPS re-
ceivers by false signals. Methods for eliminating SA are dis-
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cussed in section 3.8. The AS encryption affects the L1 and L2
P-code signals (section 2.1) and therefore calibration of the
ionosphere (section 3.7). A classified receiver which has
knowledge of the encryption code can recover the full preci-
sion of the signal. An alternative method is a nonclassified
cross-correlation approach which produces little degradation
when SNRsare high (section 3.3). Unfortunately, the SNR of
the cross-correlated signal decreases as the square of the at-
mospheric attenuation such that the factor of 40 attenuation
due to molecular oxygen absorption and defocusing near the
surface (Figure 4a) will decrease the SNR of the cross-correlated
signal by 1600 (32 dB). The integration time used when the
ray path tangent point is in the lower troposphere is of the or-
der of 1 to 2 s as defined by the time for the ray path to descend
or ascend a Fresnel diameter (section 2.5, Figure 19). There-
fore given the SNR of 10, the cross-correlated signal should
have a 1 s SNR of 42 dB or greater in the absence of the atmos-
phere. While cross-correlation SNRs of the prototype GPS-
MET instrumentation are not this high, future instrumentation
will produce 1 s cross-correlation SNRs of the order of 47 dB,
indicating the ionosphere calibration can be maintained
through most of the troposphere with unclassified instrumen-
tation. Since errors due to incomplete calibration of the iono-
sphere are generally negligible in the lower troposphere
(sections 3.7 and 3.14), interpolation or extrapolation of the
ionosphere calibration across the short vertical intervals in
the troposphere, where attenuation is too large to maintain
cross-correlation tracking, should have negligible impact on
retrieval accuracy.

2.5 Spatial Resolution

2.5.1 Limits to vertical and horizontal resolu-
tion. This section considers the fundamental limits to the
spatial resolution of atmospheric profiles retrieved from GPS
radio occultation measurements. The vertical resolution of a
single, instantaneous bending measurement is determined by
the contribution of individual atmospheric layers to net bend-
ing along the ray path (equation (1)). Better vertical resolu-
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tion can be retrieved from a profile of closely separated meas-
urements, subject to limits imposed by diffraction. For the
limb-sounding geometry appropriate to GPS radio occultation,
horizontal resolution may be defined by the distance traversed
by the radio path as it enters and exits a layer having a vertical
resolution of AZ; in this case, the horizontal and vertical reso-
lution are related by the approximate expression

AL = 22RAZ)"? (13)

where AL is horizontal resolution, AZ is vertical resolution,
and R is the radius of the atmosphere at the ray path tangent
height.

The vertical resolution expected from GPS radio occultation
measurements is described below, and the possibility of im-
proving on the limits imposed by diffraction is discussed. The
section concludes by noting the need for measurements such as
the radio occultations with spatial resolution compatible with
the vertical and horizontal scales of characteristic atmospheric
structure.

2.5.2 Vertical resolution: individual measure-
ments of bending angle. The variation of the vertical
resolution of an individual bending angle measurement (one in
a sequence of measurements taken during an occultation) is il-
lustrated in Figure 5 as a function of ray path tangent altitude
for the atmospheric profile used in Figure 4a. The curves on
the right show the relative contribution of each altitude inter-
val to net atmospheric bending for several tangent altitudes.
These contribution functions are strongly peaked at the tan-
gent altitude due to the limb-sounding geometry and exponen-
tial variation of refractivity with altitude (equation (1)). Verti-
cal resolution, defined as the vertical interval above the tan-
gent height contributing 50% to net bending, is plotted as a
function of tangent altitude in the left-hand side of Figure 5.
For the atmospheric profile used in Figure 5, the 50% bending
interval varies from 0.5 to 2.0 km corresponding via (13) to a
50% horizontal interval from 160 to 320 km. The smallest
50% interval occurs at ray path tangent altitudes near 3.8 km
where large vertical refractivity gradients associated with rapid
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Figure 5. Bending contribution functions on the right and vertical resolution profile on the left for individ-
ual radio occultation bending angle measurements plotted as a function of altitude. Resolution is defined here
as the vertical interval between the ray path tangent height and the height at which half of the total bending
has been accumulated. These curves are calculated for a refractivity profile derived from radiosonde temperature
and humidity profiles, assuming spherical symmetry. Radiosonde 1200 UT, July 11, 1991, Hilo, Hawaii.
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changes in humidity across the top of the boundary layer con-
centrate the bending, causing vertical resolution to improve in
a region where it is needed most. ,

Although the vertical resolution of single occultation
measurements is described well by Figure 5, the vertical resolu-
tion of refractivity profiles retrieved from GPS radio occulta-

tion profiles can be significantly better, given profiles of -

closely spaced bending angle measurements, high measure-
ment precision, and an inversion scheme that correctly repre-
sents the contribution of different levels to bending angle. All
of these conditions are met for GPS occultations measured by a
LEO satellite, provided the atmosphere is locally spherical in
structure so that the Abel transform inversion of (1) can be
used. Under these conditions, the ultimate limits to vertical
and horizontal resolution of retrieved profiles are set by dif-
fraction.

2.5.3 Vertical resolution: diffraction limit.
The theory of section 2.2 assumes that transmitter signals fol-
low a dimensionless ray path to the receiver. This is the path
of minimum phase delay relative to the delay associated with
neighboring, physically realizable paths. However, a geomet-
rical ray path is an approximation to Fresnel diffraction as
wavelength approaches zero. Because signals originate at a
point source and are detected by a receiver phase-locked to the
minimum phase delay, the cross-beam sampling at the limb
takes the form of concentric Fresnel zones of a positive and
negative response centered on the ray path. The contributions
of adjacent Fresnel zones cancel so that the effective sampling
can be represented by the first Fresnel zone [Born and Wolf,
1980].

In the absence of significant atmospheric bending, the di-
ameter of the first Fresnel zone Z, at the ray path tangent level
is given by

Zp =2[ALLy ! (L + L))"

=2[AL)"™ (fL.>>L,) (14)

where A is the GPS signal wavelength, and LT and LR are the
distance from the transmitter and receiver to the limb respec-
tively. LT is approximately 28,500 km for the GPS transmit-
ters and, for a receiver in a 700 km altitude orbit, Lg is about
3100 km. At the GPS L1 wavelength of 19 cm, (14) yields a
value for Z, of 1.4 km. From (13) the horizontal resolution
corresponding to a vertical resolution of 1.4 km is about 270
km.

Diffraction-limited vertical resolution is also influenced by
the vertical refractivity gradient. When this gradient increases,
the vertical diameter of the first Fresnel zone decreases and ver-
tical resolution improves in accordance with the expression

Z, = Z, (free space) M'"? (15)

where M is defined in (12) [Fjeldbo and Eshleman, 1969]. The
variation of M with altitude for the temperature and humidity
profiles acquired during a radiosonde ascent from Hilo, Hawaii,
in July 1991 is shown in Figure 4a, and the altitude dependence
of Z,, derived from (15), is displayed in Figure 4b. The gradual
decrease in Z, from 1.4 km in the stratosphere to less than 0.5
km near the surface is due to the exponential increase of refrac-
tivity gradient with decreasing altitude. ~ Within the tro-
posphere, rapid variations in Z; are due primarily to sharp
changes in vertical refractivity gradient caused by changes in
humidity. This effect is particularly strong within a few hun-
dred meters of the surface and at the top of the boundary layer
near 3.8 km, where diffraction-limited vertical resolution lies
in the 100 to 200 m range.

From the examples given above, it is clear that diffraction-
limited vertical resolution of GPS radio occultation measure-
ments is comparable to or better than the vertical resolution
imposed by atmospheric structure on a single bending angle
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measurement. Furthermore, vertical resolution is best in the
troposphere and in regions with large vertical refractivity gra-
dients where it is most needed. The diffraction limited hori-
zontal resolution of occultation measurements in the cross-
beam direction is approximately 1.4 km at all levels, because
horizontal refractivity gradients are generally small.

2.5.4 Improved vertical resolution. Vertical reso-
lution superior to that imposed by Fresnel diffraction may be
possible. Atmospheric structures smaller than the Fresnel
scale produce diffraction patterns in the signal measured by the
receiver, known as phase and amplitude scintillations. Be-
cause occulted signals are monochromatic with well defined
phase, scintillation measurements obtained during an occulta-
tion can, in principle, be inverted to remove the effects of dif-
fraction and reconstruct vertical profiles at resolutions finer
than the Fresnel scale, provided atmospheric structure varies
primarily in the vertical rather than horizontal direction such
that the one dimensional (1-D) diffraction pattern acquired in
the occultation recovers sufficient information to allow an in-
version.

Techniques for inverting and removing the effects of dif-
fraction in Voyager occultation observations of the Saturnian
and Uranian ring systems were developed by researchers at
Stanford University which dramatically improved radial resolu-
tion relative to diffraction-limited scales [Marouf et al., 1986].
The removal of diffraction effects within an atmosphere is
more complicated because the atmosphere is a three-
dimensional structure. The idea has been extended to atmos-
pheres, using the thin phase screen approximation, to detect
and characterize planetary waves in the Uranian stratosphere
[Hinson and Magalhaes, 1991]. Development of a Fourier op-
tics approach to account for and remove the effects of diffrac-
tion from observations of thin atmospheres is under develop-
ment [Karayel and Hinson, 1997]. Another idea is to "back
propagate" the signal from the actual reception location to a
location closer to the Earth's limb [Gorbunov et al., 1996;
Gorbunov and Gurvich, 1997] which reduces the Fresnel zone
size and improves vertical resolution. Lowering the reception
altitude from 700 km to 100 km (~the height of layers in the E
region of the ionosphere) via back propagation would improve
vertical resolution by 40%. If the altitude could be reduced to
30 km, vertical resolution would increase by a factor of 2.2,
improving near-surface resolution to ~200 m (Figure 4b), a
significant increase given the small vertical extent of the
boundary layer.

2.5.5. The importance of consistent vertical
and horizontal resolution. From (13) the ratio of hori-
zontal to vertical resolution for GPS radio occultation meas-
urements is approximately AL/AZ ~ 2(2R/AZ)", and ranges
from 190 when AZ = 1.4 km to 700 when AZ = 0.1 km, with
typical tropospheric values near 270. These magnitudes are
similar to the ratio of consistent horizontal and vertical reso-
lution discussed by Lindzen and Fox-Rabinowitz [1989] for
quasi-geostrophic flow and internal gravity waves and to that
of regional and global atmospheric models. For quasi-
geostrophic flow the ratio is the Rossby ratio between vertical
and horizontal scales given by the expression

AL/AZ = N f, (16)
where f,, is the Coriolis parameter and Np is the Brunt-Viiséld
frequency. The similarity between the GPS values and those
derived from (16) demonstrates that the relationship between
vertical and horizontal resolution for GPS radio occultation
measurements is consistent with most atmospheric structure
and that occultation measurements are well suited for assimila-
tion into regional and global weather prediction models. Fur-
ther, the ability to routinely probe the troposphere in a limb-
sounding geometry complements the high horizontal resolu-
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tion but more limited vertical resolution of nadir-viewing ob-
servations.

3. Refractivity Profile Inversion: Sources of Error
and Expected Accuracy

3.1. Introduction

In this section, the accuracy with which refractivity, den-
sity, pressure, and temperature can be derived from occultation
observations is discussed and assessed. The section is struc-
tured as follows. Section 3.2 begins with a general overview
of error propagation through the profile retrieval process
working sequentially through derivations of refractivity, den-
sity, pressure, and temperature. The overview is followed by a
sequence of subsections briefly describing each of the errors
identified below. Using the approach described in section 3.2,
the impact of each error on derived refractivity, pressure, and
temperature is characterized. When possible, analytic methods
are used. Finally, the individual error contributions are drawn
together into an overall, vertical accuracy budget for refractiv-
ity, density, pressure, and temperature which also defines the
limiting sources of error. A reader primarily interested in the
error summary may wish to move immediately to section 3.14.

Individual error sources can be grouped into three catego-
ries: measurement errors, calibration errors and retrieval er-
rors. The more significant sources are summarized below and
are discussed in this order in the rest of this section. The
measurement errors include signal to noise ratio performance,
clock instability, local multipath; calibration errors include
residual ionospheric effects, orbit determination accuracy dif-
ferencing schemes to remove clock error; and retrieval errors
include refractivity constant uncertainties, uncertainties in
Abel and hydrostatic integral boundary conditions, horizontal
refractivity structure, geometrical optics approximation, and
water vapor/density ambiguity.

3.2. Error Propagation Through GPS Profile
Retrievals

To characterize the individual sources of error which fol-
low, a general description of the propagation of errors through
the retrieval process is needed. For errors related to the phase
observations, the first step is to determine the response of the
transformation from measured atmospheric phase delay to re-
fractivity to a single phase perturbation. This impulse re-
sponse includes the sequential conversion from phase to fre-
quency, then bending angle, and finally, refractivity (via the
Abel transform). Knowledge of the impulse response allows a
complete description of the impact of phase measurement er-
rors on refractivity as well as density, which is proportional to
refractivity in the absence of significant water vapor. The
second step describes the transformation of refractivity errors
into errors in pressure through the hydrostatic integral. The
third step describes how errors in refractivity and pressure
combine to produce temperature errors via the ideal gas law.

3.2.1. Impact of phase error on refractivity.
Imperfect phase measurements degrade derived refractivity ac-
curacy. Derivation of refractivity from measurements of phase
can be divided into three steps: (1) phase is differentiated to
produce frequency; (2) frequency is transformed into bending
angle; and (3) bending angle is converted into refractivity via
the Abel integral. These steps are linear, at least at the error
magnitudes discussed in this section, and the error in refractiv-
ity due to errors in phase can therefore be described using lin-
ear system theory as [Papoulis, 1984]

ON(t) = 66(t) ® hy(t) ® h,(t) an

where 8N and 8¢ are refractivity and phase errors, hp is the
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impulse response of the differentiation step, h, is the impulse
response of the combined second (frequency to bending angle)
and third (Abel transform) steps and circled times signifies
convolution. Describing the transformation of noise in terms
of an impulse response also allows the refractivity retrieval
process to be characterized in the Fourier domain, described by
Kursinski [1997] which will be used in sections 3.4 and 3.5 to
describe the effects of clock instability and local multipath er-
ror.

The impulse response of the differentiator depends on the
particular numerical implementation chosen. For simplicity, a
simple discrete differentiator which differences consecutive
phase samples is used here:

8t +7)-8¢-73)
hp(t) = — T (18)
where &(t) represents the Dirac delta function, and ¢ is the time
interval between phase measurements, which is set to the time
required for the ray path to cross the diameter of the first Fres-
nel zone, the practical resolution limit in the geometric optics
approximation (14). The impulse response h,(t) will be char-
acterized numerically by inputting a set of Doppler frequencies
containing a single-frequency error into the bending angle and
Abel transformation steps. Integration of the Abel transform
requires numerical integration, the details of which affect re-
sponse to errors. The specific implementation used here ap-
proximates a continuous representation of of(a) for the Abel in-
tegration by fitting a cubic polynomial to In(a) as a function
of a where the natural logarithm is used because, to first order,
the dependence of bending angle on miss distance is exponen-
tial. Figure 6 shows the response of the Abel transform to a
single 1 mm s error equivalent to a frequency error of 5x107
Hz for a radio wavelength of 20 cm. The response includes er-
rors in derived radius and height.

From (18), it is clear that a single-phase error produces a
double pulsed frequency error which, when convolved with 4,,
produces the vertically focused refractivity error shown in Fig-
ure 7, defining the refractivity error response to phase error.
The altitude of the largest refractivity error in Figure 7 occurs
at the altitude of the first of the two frequency peaks. The sec-
ond frequency pulse cancels much of the remaining contribu-
tion of the convolution of A, with the first frequency pulse.

3.2.2. Relationship between height and time.
Because phase noise is a typically a function of time, (17) re-
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sponse to frequency error in Figure 7b.

lates measurement error to refractivity error as a function of
time, whereas atmospheric refractivity is a function of height
to first approximation. Time and height are related by the rate
at which the ray path tangent height descends (or ascends in a
rising occultation) through the atmosphere. At altitudes near
the tropopause and above, where bending is not too large, this
rate is roughly V1, the component of the LEO orbital velocity
orthogonal to the limb, typically between 2 and 3 km s™. For
consideration of measurement noise the region most affected is
the stratosphere because, as will be shown, sources of error
other than measurement noise dominate in the lower strato-
sphere and below.

3.2.3 Scaling the impulsé response to shorter
and longer integration times. Frequency error is pro-
portional to phase error divided by the phase estimation time
interval 7,g; so refractivity error must be proportional to 7T -
1. Since vertical resolution is also tied to 7,5, an improvement
in refractivity error will come at the expense of vertical resolu-
tion. Of the various sources of error, thermal noise, described
in section 3.3, exhibits the greatest sensitivity to 7,5 For
thermal noise, rins phase error is proportional to Teg /2, and
frequency and therefore refractivity error scale in proportion to
Test 2. The T, ** scaling can be used at high altitudes where
thermal noise can dominate other sources of error in a trade-off
of resolution for accuracy. For instance, increasing 7, by a
factor of two will reduce the resolution by the same factor of
two but reduce thermal error by a factor of 2.8, which is equiva-
lent to raising the altitude at which a level of accuracy is
achieved by a scale height.

The magnitude of the discrete frequency error impulse re-
sponse h,(t) is proportional to the sampling interval because
the frequency error is not a true delta function due to the finite
width of the input error pulse. The numerical implementation
of the Abel integral interpolates between the samples, and the
actual error in the Abel transform is somewhat triangular in
shape where the width at the midheight of the triangle is the
time interval beiween samples fed into the Abel integral.
Therefore when the interval separating the discrete values
which make up the impulse response is changed, the magnitude
of each of the discrete values scales as the square root of the ra-
tio of the new and original intervals.

Frequency Error (mm/sec)

(a) Single phase error. (b) Frequency error resulting from Figure 7a.

-0.002 0 0.002  0.004
Refractivity Error (N-units)

o 1 2 38

(c) Refractivity error re-

3.2.4 Effect of Errors in Refractivity on Den-
sity and Pressure. Under dry conditions, density is pro-
portional to refractivity via (8), and so density errors are pro-
portional to refractivity errors and their fractional errors are
equal. The effect of water vapor on retrievals of density, pres-
sure, and temperature becomes important in the warm regions
of the troposphere, as is described in section 3.13. In the ex-
tremely dry air found in the cold (< 250 K) regions of the tro-
posphere and stratosphere, where density is directly propor-
tional to refractivity, pressure is derived from density via the
hydrostatic integral

PQ=PE) + [ “gpd

where z;, is the height at which the integral is initiated and
P(zy) is the pressure at that height. The choice of z; is dis-
cussed in section 3.10 based upon a trade-off between noise
characteristics described later. The fractional pressure error is
then

) j ¢ p(2) dz
P(z)

8P@) _ 8P,
Piz) ~ P()

19)

The contribution to the fractional pressure error at z by the er-
ror in the initial guess of pressure at z;, 6P(zy), decreases ex-
ponentially as z decreases. As temperature is less variable
than pressure at middle atmospheric heights, P(z,) is probably
best estimated from estimates of 7{(z;) and p(z,) with T(z,) es-
timated from a combination of climatology, models, and other
observations and p(z,) derived directly from the occultation
observations themselves. The pressure error can be written as

Zy
dp(2") dz'
8P(:) _ 6T<zu>+6p<zu>\P<zu>+fz §90 20)
P@) "\ Tk) ~ p@) |PQ) P(z)
3.2.5. Effects of Refractivity Errors on
Geopotential Height. Atmospheric fluid dynamics equa-

tions are generally written with pressure rather than altitude as
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the vertical coordinate such that the geopotential associated
with a pressure level becomes a dependent variable of funda-
mental interest. Since the change in pressure with height is
defined via the hydrostatic and ideal gas law as

&p _ _mg s,

P RT
errors in pressure height 6z and geopotential 6@ are related to
the fractional pressure error as follows

o & _ 80
P~ "H " gH (21)
Therefore the approximate geopotential height error can be
found by multiplying the fractional pressure error at any de-
rived pressure level by the local pressure scale height.

3.2.6. Effect of Density and Pressure Errors on
Temperature. Temperature is derived via the ideal gas law T
= P/(Rp), and fractional temperature error is therefore related to
fractional errors in density and pressure by

The fractional mean square error in temperature is given by

(e7) - () + () - )
T)/ \\P p p P
The magnitude of the temperature error therefore depends on
the vertical correlation of the density error. If the density error
correlation length is small such that density error varies rap-
idly relative to a scale height, its integrated effect in the pres-
sure error (equation (19)) is small, causing the rapid density er-
rors to map almost directly into temperature errors. When den-
sity errors vary slowly relative to a scale height, the fractional
pressure error will be greater than the fractional density error,
and the pressure error contribution to temperature error will
dominate. When the density error correlation length is
roughly a scale height, fractional density and pressure errors
will be comparable, and the fractional temperature error will be
smaller than either of them. Note that when density error sys-
tematically increases as (zy-z)", the temperature error will pass
through zero at a height, n scale heights below z;,, marking the
transition between the density error dominated region above
and the pressure error dominated regicn below.

(23)

3.3. Thermal Noise

The finite GPS signal strength and the receiver amplifier
noise combine to produce a random phase error, referred to as
thermal error, which is independent from sample to sample.
Because thermal errors vary rapidly with height, they contrib-
ute significantly to refractivity and temperature error at high
altitudes but produce little pressure error.

The mean square error of thermal phase noise is given by
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where <8¢>'" is rms phase error in units of length, Tis the in-
tegration time in seconds, A is the GPS signal wavelength, A
is the signal amplitude, oy, is the root-mean-square (rms) of the
thermal noise, and SNRy is the signal-to-noise ratio for an in-
tegration time of 1 s. The signal strength is determined by
GPS transmitted power, antenna gain, and the atmospheric at-
tenuation mechanisms discussed in section 2.4; oy is deter-
mined by the receiver amplifier and blackbody radiation re-
ceived from the Earth. Table 1 shows the SNRs and rms ther-
mal phase errors representative of the prototype GPS-MET and
future receiving systems. Using future generation LEO receiver
hardware, the rms phase measurement errors will be ~0.05 mm
for an integration time of 0.5 s, the approximate time for a ray
path tangent point to descend a Fresnel diameter Z; in the mid-
dle atmosphere. Subsequent amplification of the phase error
by a factor of 3 due to ionosphere calibration (section 3.7) and
2 due to clock double-differencing (section 3.8) yields a cali-
brated rms phase error of ~0.3 mm in 0.5 s for the GPS receiver
being developed within JPL. When the AS encryption is on
(section 2.4), use of an unclassified receiver with a small re-
ceiving antenna will roughly double the thermal error (column
3, Table 1).

3.3.1. Refractivity Error. Using the impulse re-
sponse described in section 3.2 (equation (17)), the refractiv-
ity noise variance due to thermal noise is

= A (25vR, 7"

Jj max

2 e
(8Ni2 ) = (/;1 89 hDA"—!') B <8¢2> Jz’l h%)A"‘f (24)

where j is the sample number counted from the first sample
used in the Abel transform and jy,qx = (24-2)/Z, Where z,4 is the
height at which the Abel transform is initiated. The second
step of (24) can be made because the sample-to-sample correla-
tion is zero and <&¢”> is independent of altitude at least for ray
paths at or above the tropopause where thermal noise can be a
significant contributor to refractivity error. More than 95% of
the total variance of the impulse response given in Figure 7 is
contributed by the phase error in the measurement made at the
altitude of the refractivity retrieval such that the impact of
white phase noise on derived refractivity is quite focused verti-
cally. The rms refractivity error of (24) is also independent of
altitude. An rms refractivity error of 0.0012 N-units produced
by an rms phase error of 0.3 mm in 0.5 s corresponds to frac-
tional refiactivity errors of ~0.6% and 2% at 50 and 60 km alti-
tude depending on latitude and season which are significant at
high altitudes.

3.3.2. Pressure Errors. Given a sequence of inde-
pendent refractivity errors, the pressure error via (19) is

j max

dP(z) = sz

F M g dp(z) dz

i

Table 1. Expected Signal-to-Noise Ratios (SNR) and Phase Precision

GPS/MET, AS-Off

AS-Off, High SNR AS-On, High SNR

C/A SNRy, (1 5) 300
C/A phase (mm) 0.13
Ion corrected phase 0.4
1 s phase error after 0.8

double differencing

1000 1000
0.04 0.04
0.12 0.2
0.24 0.4

AS, Anti-Spoofing; C/A, Coarse Acquisition.
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where jipgx = (2p-2)/z, and zp (< z) is the height at which the
hydrostatic integral is started. Since the &p errors are inde-
pendent of one another, the rms pressure error is random walk
in form described as

<5P(z)2) 12 _ (6p2> 12 (Zh _ Z)1/2 (25)

The square root dependence on altitude in (25) represents the
weakest height dependence of any pressure error considered
here, and the fractional pressure error therefore decreases rap-
idly as z decreases because of the exponential increase in pres-
sure with decreasing height.

3.3.3. Temperature errors. Combining (24) and (25)
into (23) yields

112
8 ZF

<8T(z)2) 2 12
T(2)

_ZF_
2H(z) +1

(o) [

P | H(z)?

(26)

where H(z) is the pressure scale height at the altitude z. Begin-
ning at zj, the density error contribution (the third term in the
brackets) dominates that of the pressure error (the first term in
the brackets) until (z-z) ~ Hz/zF, which for representative val-
ues of z.= 1.4 km and H = 7 km, is about 5 scale heights or 35
km. Therefore, the density error contribution to temperature
error generally dominates that contributed by pressure error in
altitude regions where the contribution of thermal noise is
significant.

3.4. Clock and Troposphere Errors

Since signal phase is the principle observable in occulta-
tion observations, the phase stability of the reference clocks
of the GPS transmitters and receivers is important. The phase
error associated with fractional frequency stabilities of 107"
available from ultrastable quartz oscillators does not limit ac-

" curacy. GPS satellite cesium clock instabilities are approxi-
mately an order of magnitude larger over the timescales of in-
terest (0.01 to 60 s) and could be important at high altitudes.
The most significant clock-related error at present is the inten-
tional variation of the GPS signal frequencies, referred to as se-
lective availability (SA), which is applied for security reasons.
Removal of the SA modulation, which would otherwise ruin the
observations, and clock instability via differencing, is dis-
cussed in section 3.8.

Even though clock error can largely be removed through
differencing, it will be characterized here for several reasons.
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First, a tropospherically induced error is introduced on the GPS
links to ground-based receivers used in differencing (section
3.8) with stability characteristics very similar to those of
high-quality crystal oscillators. Second, if the SA modulation
is turned off as the National Research Council [1995] has rec-
ommended, it can be advantageous to not difference, depending
on the magnitude of clock error relative to the penalties in-
curred in increased thermal and local multipath errors. Finally,
since this work represents a broad and systematic assessment
of radio occultation technique accuracy, the results developed
here are also relevant to planetary occultation experiments
where differencing is not an option.

Clock noise is best described in the Fourier frequency do-
main, and the transformation of clock phase error into refrac-
tivity, density, pressure, and temperature will therefore be
characterized in terms of the Fourier domain relationships de-
veloped by Kursinski [1997].

3.4.1 Refractivity density, pressure, and tem-
perature error. The phase noise spectra of reference clocks
is generally power law in form [Barnes et al., 1971]:

ke b
So(f) = kg:Aklfl ok @7

where fis the Fourier frequency. For noise characterized by b <
2, which includes the cesium and rubidium clocks used on the
GPS satellite transmitters and hydrogen maser frequency refer-
ences used on the ground, (27) can be plugged intc the Fourier
domain equations for mean square errors in refractivity, den-
sity, pressure, and temperature, respectively, in the work of
Kursinski [1997], to estimate errors in these same quantities
due to clock instability. For b > 3, which includes quartz oscil-
lators used in many space-borne applications, filtering to at-
tenuate the low-frequency phase noise is required to make the
refractivity variance finite. Differencing the phase of each oc-
cultation measurement with the phase of measurements taken
just prior to the occultation can provide the necessary attenua-
tion. In this case, the filtered phase noise power spectrum
Serit(D) is defined as

So ) = 4 sin’(ft,e) Sy() (28)
where ¢ is the length of an occultation. For clock phase
noise characterized by 3 <b < 4, (28) can be plugged into the
mean square error equations of Kursinski [1997] to estimate er-
rors in refractivity, density, pressure, and temperature.
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Figure 8. Frﬁactional refractivity, pressure, and temperature errors resulting from clock-type instabilities.
(@) o,(ls) =_1210 , b=3 representative of ultra-stable quartz oscillators or tropospheric propagation noise. (b)
o,(1's) =107, b=2 representative of GPS satellite cesium oscillator instabilities.
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3.4.2. Discussion. Figure 8 shows fractional rms re-
fractivity, pressure, and temperature errors for two types of
noise. The first represents GPS transmitter cesium clock noise
(b=2 or white frequency (WF) noise with a 1 s Allan deviation
of 10™"%). The second is representative of ultrastable quartz
clocks noise such as the TOPEX and Mars Observer oscillators
and tropospheric noise introduced on the differencing links de-
scribed previously (b=3 or flicker frequency (FF) noise with a 1
s Allan deviation of 10™®). In both cases the Abel transform is
initiated at 60 km. The difference between the cesium and the
quartz type errors is indicative of the improvement which re-
sults if the GPS transmitter clock instability is differenced out.
While the 1% refractivity error near 60 km due to the cesium
will have some influence on refractivity accuracy, the small
magnitude of these errors indicates clock errors should not
dominate retrieval error in general.

3.5. Local Multipath

The broad-beam receiver antennas which significantly
simplify GPS instrumentation are unfortunately sensitive to
local multipath which occurs when multiple images of the sig-
nal arrive at the antenna after scattering off structures in the
vicinity of the antenna. In contrast, atmospheric multipath
occurs when sharp vertical variations in atmospheric refractiv-
ity structure create multiple, simultaneous signal paths
through the atmosphere. As discussed in more detail by
Kursinski [1997], local multipath creates slowly varying
phase errors, a fraction of a waveléngth in magnitude which af-
fects accuracy, particularly pressure and geopotential accuracy,
in the middle atmosphere where it may be the limiting error.

To evaluate the impact of local multipath on the retrieved
refractivity profiles, the Fourier representation of the refrac-
tivity retrieval scheme developed by Kursinski [1997] is used.
The multipath phase noise spectrum depends on the specific
antenna and spacecraft configuration. Therefore in order to
make further progress, some spectral characteristics must be
assumed. A reasonable first-order approximation is to take a
representative local multipath phase noise variance 0‘¢2 and
distribute it uniformly across a frequency interval, +Af in
width. A frequency cut off of 0.01 Hz is used, representative of
the high frequency limit for multipath on a 1 m size spacecraft
[Kursinski, 1997]. The rms phase error oy will be taken as 10
mm, representative of expected values for broad beam antennas
[Kursinski, 1997].

3.5.1. Refractivity, pressure, and temperature
error. Plugging the local multipath noise power spectral
density of 0'¢2/(2Af) into the fourier domain equations for mean
square errors in refractivity, density, pressure, and temperature,
respectively, in the work of Kursinski [1997] yields estimates
of rms errors in these same quantities. Refractivity error grows
as the square root of Az, the altitude interval between the re-
trieval altitude and the Abel integral initialization altitude z,,.
The pressure error grows as Az?, consistent with (19). At 10
mm rms and z;= 60 km, the refractivity error is of the order of
1% between 50 and 60 km and decreases rapidly at lower alti-
tudes. The resulting pressure error is significant throughout
the stratosphere with an rms geopotential height error ranging
from about 60 m near the stratopause to 6 m at 20 km altitude,
indicating multipath may limit geopotential accuracy through
much of the stratosphere, particularly under nighttime or solar
minimum conditions.

The fractional temperature error is the difference between
the fractional refractivity and pressure errors. The maximum
temperature error occurs about 3 km below z,; and for z;, = 60
km the error is ~2.5 K. Temperature error also exhibits a dis-
tinct minimum at 1.5 scale heights below z,,, consistent with
the refractivity and pressure error scaling with Az as discussed
in section 3.2. The secondary maximum error near 40 km is
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about 0.8 K. In the future, more directional antennas may re-
duce this error at a cost of instrumental complexity, cost, and
size. Also, scattering in the vicinity of the receiving antenna
may be modeled such that multipath error is reduced during
processing.

3.6. Orbit Determination

As discussed in section 2.2, knowledge of the time-
evolving viewing geometry is fundamental to interpreting the
occultation observations, and errors in geometry will degrade
retrieved accuracy. The present level of orbital accuracy which
can be achieved using GPS, is sufficient to make their contri-
bution to retrieval errors very small.

3.6.1. Position Errors. Satellite position primarily
affects retrieved refractivity altitudes. GPS transmitter and
LEO receiver orbits are known to the meter and several centi-
meter levels, respectively [Bertiger et al., 1994]. For a re-
ceiver orbiting at 700 km altitude the distance from the trans-
mitter to the limb is roughly 9 times that of the receiver to the
limb, such that the uncertainty in the ray path height at the
limb is ~10 cm. Since other errors limit the geopotential
height of pressure surfaces to at least the meter level, the con-
tribution of a position error is not significant.

3.6.2. Refractivity, Pressure and Temperature
Errors due to Velocity Error. Orbital velocity error af-
fects the retrieval process primarily through the component of
the velocity error projected along the ray path. This compo-
nent contributes directly as an erroneous atmospheric Doppler
frequency. An error in velocity can therefore be treated as a
frequency estimation error using the impulse response ap-
proach described in section 3.2. The velocity of the receiver
can be determined to ~0.05 mm s [Bertiger and Wu, 1996].
Figure 9 shows the effect of a 0.05 mm s velocity error on re-
fractivity, pressure and temperature. All errors are small with a
maximum rms errors in geopotential height and temperature er-
rors of ~10 m and 0.3 K at ~50 km and 57 km, respectively, for
zy, = 60 km. The errors decrease rapidly at lower altitudes indi-
cating orbital velocity error should not limit retrieval accuracy
at any altitude. Orbital acceleration errors over the short oc-
cultation duration are very small and therefore negligible.

3.7. Incomplete Calibration of the Ionosphere

The signal path is bent during propagation through the
ionosphere on the way into and out of the neutral atmosphere.
This bending effect must be removed to derive an accurate rep-
resentation of neutral atmospheric structure, particularly at
stratospheric altitudes and above. Although the presently used
calibration scheme of Vorob'ev and Krasil'nikova [1993] re-
moves most of the ionospheric effect, some residual remains.
Simple simulations indicate that the nighttime ionospheric
structure during the maximum of the solar cycle and daytime
ionosphere at solar minimum will be removed to a level below
that of other significant errors. Simulations also indicate that
residual daytime ionosphere during solar maximum will be a
limiting source of error in the stratosphere with the presently
used calibration scheme. Small-scale ionospheric structure not
eliminated entirely in the calibration process will appear as
bursts of noise in the retrievals.

Ionospheric refractivity is dispersive and represented to
first order (in MKS units) as 40.3x10° n,/f*, where n, is the
electron density and f is the radio signal frequency. The full
Appleton-Hartree expression for ionospheric refractivity is
given by Papas [1965], and a more complete power series ex-
pansion can be found, for example, in the work of Bassiri and
Hajj [1993]. Each GPS satelliie continually radiates signals at
two frequencies such that the dispersive ionospheric effect ob-
served on links to ground-based receivers can be removed to
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Figure 9. Fractional refractivity, pressure, and temperature errors resulting from a 0.05 mm/s velocity error
along the line of site between the transmitter and the receiver.

first order using a linear combination of the two GPS signal
frequencies

¢ L-(c;-1)L,=L
where L is the optical path length along a signal path defined

as
L(,,,,=f ndl =f (1+N)al
path path

Lj and L; are the optical path lengths at the two GPS signal
frequencies, 1.57542 and 1.2276 GHz, respectively, and the

coefficient,
27 Y1
c; = (] _b/flz)

is equal to 2.5457.

In an occultation geometry, dispersive separation of the
two GPS signal paths necessitates a different approach such as
the one used here which was developed by Vorob'ev and
Krasil'nikova [1993]. Substituting for the index of refraction
given in (7) and (1) and expending in powers of (1/f) keeping
only the first two leading terms, the total bending of the radio
signal (assuming a spherically symmetric index of refraction)
is given by

o0

dn

ofa) = 2 ar
a) = a
" Rpeur \/("'m:utr)2 _a2
° dn
£ dr
+2q403 dr (29)
‘ f2 . Nneut \/—(_nneulr)z_az '
0

The first and second terms on the RHS of (29) correspond to
the bending induced by the neutral atmosphere and ionosphere,
respectively. The ionosphere-free bending is then

aion—free(a) =6 al(a) - (C,- - 1) (x’l(a) (30)
where ¢, and ¢, are the total bending angles for the two GPS
signal frequencies. Application of (30) requires, in general,
that the discrete set of derived values of a,(a,) be interpolated
to the set of @, values.

A penalty in applying this calibration is the amplification
of thermal and local multipath errors. Assuming thermal noise
at the two signal frequencies is comparable, the rms thermal er-
ror after application of the calibration is increased by a factor
of ~3. The effect on local multipath noise scales similarly.
This amplification factor of 3 is included in the discussions of
thermal and local multipath noise in sections 3.3 and 3.5.

To quantify to first order the performance of (30) at remov-
ing the effects of the ionosphere, simulated occultation meas-
urements have been generated by ray tracing through a model
consisting of Chapman layer representations of the F and E
layers of the ionosphere and a representative neutral atmos-
phere. The four extremes of the diurnal and solar cycles have
been represented on the basis of the typical midlatitude iono-
sphere electron densities [Rich and Basu, 1985; Kelley, 1989].
Table 2 shows the residual bending angle error at 60 km alti-
tude left after calibration for each of the four cases.

3.7.1. Pressure and temperature. The nighttime
solar minimum error is very small and the nighttime solar
maximum and daytime solar minimum errors are sufficiently
similar that only daytime solar maximum and nighttime solar
maximum errors will be considered further. The impact of the

Table 2. Error Due to Incomplete Calibration of the Ionosphere

Fractional Bending

Height (km) Where Frac-

Fractional Refractivity tional Refractivity Error =

Solar and Diurnal Cycles Angle Error at 60 km Error at 55 km 0.001
Solar maximum, daytime -0.065 -0.03 38
Solar maximum, nighttime -0.004 -0.0017 51
Solar minimum, daytime -0.0025 -0.0012 53
Solar minimum, nighttime -0.0001 -0.00005 >> 60
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Figure 10. Summary of refractivity errors versus height. Thermal error, 1 s SNR=5 x 1Q‘; local multipath,
10 mm rms spread over 0.01 Hz; horizontal refractivity structure, along track from simulation and horizontal
motion of ray path tangent point from tropospheric and stratospheric climatologies near 30°S for June-July-
August; ionosphere error, daytime, solar maximum conditions; Abel boundary errors, 7% in @, 5% in H,.

daytime, solar maximum ionosphere on derived refractivity,
pressure, and temperature is shown in Figures 10-12. Analo-
gous results for nighttime solar maximum ionosphere condi-
tions are shown in Figures 13-15. The Abel and hydrostatic
integrals in Figures 10-15 were initiated with occultation data
at 60 km. Refractivity errors increase approximately as the
square root of Az and fractional refractivity error therefore
grows approximately exponentially with height. The geopo-
tential height error in Figure 11 indicates that residual iono-
sphere during daytime solar maximum conditions will limit ac-
curacy above 25 km altitude. The peak temperature error of 6.5
K for daytime, solar maximum conditions occurs one Fresnel
diameter below 60 km, and a secondary peak of -1.5 K occurs
near 43 km (Figure 12). The temperature error for all cases
goes through zero near 50 km, consistent with the square root
dependence of refractivity error on altitude (section 3.2). The
other three ionosphere cases do not appear to limit accuracy.

3.7.2. Discussion. The fractional errors in density,
pressure, and temperature all decrease rapidly with decreasing
height because the density, pressure, and temperature errors
vary slowly relative to the exponential dependence of pressure
and density on height. The negative bias apparent in the re-
fractivity errors in Table 2 indicates that the calibration
scheme defined by (30), overcorrects slightly for the effects of
the ionosphere and may be the one source of error which leaves
a systematic bias signature in the retrievals. The temperature
error behavior will be somewhat more complicated, as indi-
cated in Figures 12 and 15.

The residual ionosphere errors in Figures 10-15 can be im-
proved using a better calibration scheme which leaves a resid-
ual zero-mean error. Higher-order corrections to upward look-
ing ground-based GPS receiver observations have been devel-
oped to reduce errors by an order of magnitude [Bassiri and
Hajj, 1993]. A similar higher-order correction scheme should
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Figure 11. Summary of geopotential height errors versus height. Thermal error, 1 s SNR=5x10% local mul-
tipath, 10 mm rms spread over 0.01 Hz; horizontal refractivity structure, along track from simulation and hori-
zontal motion of ray path tangent point from tropospheric and stratospheric climatologies near 30°S for June-
July-August; ionosphere error, daytime, solar maximum conditions; Abel boundary error, 7% in «, 5% in H,
hydrostatic boundary error, 5 K; tropospheric water vapor, 0° latitude with 8 km vertical correlation length

based on Figure 22.
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Figure 12. Summary of temperature errors versus height. Conditions same as Figure 11.

reduce ionospheric residual errors by at least a factor of 3.
Nighttime observations at stratospheric altitudes should be
very accurate for climate studies using the first-order correc-
tion.

3.7.3. Caveats. The double Chapman layer representa-
tion of the F and E regions of the ionosphere used in the simu-
lations presented here is realistic in a first-order climatologi-
cal sense. However, it contains neither horizontal nor small-
scale variations in structure. In the presence of horizontal
variations, another source of error not considered here enters
in the inversion process because the total bending is derived
on the basis of the assumption of spherical symmetry of the
total index of refraction. This assumption is far less accurate
in the ionosphere than in the neutral atmosphere due to the fact
that the ray probes the ionosphere with a much longer scale
than the neutral atmosphere. However, the error introduced by
the nonspherical symmetry of the ionosphere is of the order of
(1/f) or higher (simply because the total ionospheric bending
is of the order of (llf2 ) or higher); therefore the linear combi-
nation of (30) will cancel the (1/f2 ) term leaving residual
higher-order terms which are comparable with the terms con-
sidered in the simulation.

Calibration of small-scale variations in plasma density
may be more problematic. Because the ray paths of the two
GPS signal frequencies do not overlap for their entire length,
the effect of plasma structure which varies over the scale of the
separation between the two paths (of the order of 10-500 m de-
pending on the ionosphere and the tangent height) does not
cancel completely when the present calibration is applied. In
addition, structural variations on vertical scales smaller than
the Fresnel zone diameter will produce scintillation
(diffraction) effects which differ at the two wavelengths be-
cause Fresnel zone size depends on wavelength (equation (14)).
These effects will be relatively rapid, somewhat similar to
thermal noise and will be present during portions of occulta-
tions. The E region, which exhibits sharp, small-scale struc-
ture and can vary dramatically over timescales of minutes
[Kelley, 1989], is a likely culprit. Further, ionospheric scin-
tillations produced at low latitudes by occasional rapid even-
ing recombination events or magnetic storm activity will pro-
duce some residual effect because of sub-Fresnel structure. The
overall conclusion is that the residual errors simulated here are
probably representative at least in a climatological sense,but a
more complete assessment of the impact of the ionosphere is
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Figure 13. Summary of refractivity errors versus height. Thermal error, 1 s SNR=5x10% local multipath, 10
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warranted, as is the development of a higher-order calibration
scheme.

3.8. Differencing Schemes to Remove Clock
Instabilities

The instability of the transmitter and receiver reference
clocks and more importantly the SA encryption on the trans-
mitter signal can be reduced to insignificant levels by differ-
encing. Use of the double differencing scheme was in fact a
crucial factor enabling the prototype GPS-MET mission
through substantial reduction of both cost and development
schedule. While the SA modulation can be eliminated with a
classified facility, a more attractive, unclassified approach is
to eliminate the SA modulation and inherent clock instabili-
ties by differencing [Hajj and Kursinski, 1991, Hardy et al.
1994]. The general receiver and transmitter geometry required
for differencing is shown in Figure 16. Three differencing
schemes are summarized in Table 3.

The differencing concept can be understood using scheme 1
in Table 3. In scheme 1 the carrier phase of link A (the occul-
tation link in Figure 16) is subtracted from that of link B (the

60

link between GPS] and a ground receiver), which differences
out the GPS1 SA modulation and clock instabilities effectively
replacing them with the instabilities of the ground receiver
reference clock. Reduction or removal of the SA modulation
without a classified facility requires either schemes 1 or 3.
With either of these schemes and 1 s sampling and cubic inter-
polation, phase errors due to the SA modulation can be reduced
to less than 0.1 mm [Wu et al., 1990]. The reduction of re-
ceiver clock instabilities with schemes 2 and 3 eliminates the
need for a high-quality receiver clock which significantly re-
duces the size, power, and cost of LEO receiver instrumenta-
tion.

The penalty of a differencing scheme is the additional
thermal and local multipath noise on each differencing link.
Since thermal noise is uncorrelated between links, the rms
thermal error increases as the square root of the number of
links, assuming the thermal noise on all links is comparable.
Increases in local multipath error scale similarly. In the future,
substantial improvements are expected in the SNR of the orbit-
ing receiver measurements (section 3.3). It is therefore impor-
tant in differencing schemes 1 or 3 that similar substantial im-
provements be made to the set of differencing receivers such
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Figure 15. Summary of temperature errors versus height. Conditions same as Figure 14.
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Table 3. Summary of differencing schemes to remove clock error

Differencing Number of _ Number of  Links in Thermal and Multipath

Scheme Transmitters Receivers Figure 21 Eliminates: Error Magnification
!yl rnsmiter 2 ap Shmdn a
22&?3;2?::"“ 2 1 AC receiver clock V2
3,.nflgouble differenc- 5 2 AB.CD gl“(\)call(nsd all 5

that their SNRs are comparable with the SNRs of the flight re-
ceiver measurements or else the improved flight receiver SNR
will have been wasted.

As mentioned in section 3.4, another penalty is introduced
if the second receiver in schemes 1 and 3 is ground-based,
caused by phase variations incurred during signal propagation
through the troposphere on links B and D. This tropospheric
noise_is roughly equivalent to that of a quartz oscillator with
10-13 fractional frequency stability at 1 second integration
time [Treuheft and Lanyi, 1987, Linfield, 1996] and is gener-
ally small compared with other sources of noise (section 3.4).

3.9. Refractivity Constant Uncertainties and
Nonideal Behavior

The accuracy of the relationships among atmospheric re-
fractivity, density, pressure, temperature, and water vapor as
defined in (7) and the ideal gas law will be examined. Com-
pressibility and nonideal behavior in the equations of refrac-
tivity and state lead to corrections up to 0.09% at the surface
which decrease roughly in proportion to pressure at higher al-
titudes. The corrections should be included to achieve sub-
Kelvin temperature accuracies expected in the upper tro-
posphere (Figures 12 and 15). In the future, with a more gen-
eral nonspherical retrieval process, some improvement in the
refractivity equation and constants may be desirable.

3.9.1. Equation of Refractivity. The accuracy of
variables derived from refractivity depends on the accuracy to
which the relationship among refractivity, pressure, tempera-
ture, and water vapor is known. Equation (31) gives a more
general expression for atmospheric refractivity than (7). It
contains three terms representing dry gas polarizability, water
vapor polarizability, and the permanent dipole moment of wa-
ter vapor and includes effects of compressibility [Thayer,
1974]:

N = 71.60(P,/T)Z," + 64.8(P,/T) Z;,' 1)
+3.776x10° (P,/T?) Z;,!

where P, and Py, are the partial pressure of the dry gas and water
vapor in mbar, T is temperature in Kelvin, and Z; and Z,,, are
compressibility factors given by Owens [1967] as

zZ;!

1 +P,

5.79x10°7 (1 +0.52/T)-9.4611x107* / T

z,' =1 +1650(P,/T%)

[ 1-0.01317¢ + 1.75x107* £2 + 1.44x10°° z3]

where ¢ is temperature in Celsius.
The uncertainty of the dry refractivity term in (31) is 0.02%
[Thayer, 1974]. The additional uncertainty from the approxi-

mations in (7) for dry air is <0.06% (<0.03% above 500 mbar),
due to neglect of the compressibility factor.

The uncertainty of the wet refractivity terms is approxi-
mately 1 %, due to the difficulty of measuring water vapor den-
sity. Use of (11) introduces a fractional error in wet refractiv-
ity of 1% (T-359)/300 due to the simplification of two terms
and < 0.4% due to the neglect of the compressibility factor.
The error in retrieved humidity will be < 2% due to errors in the
refractivity formula that is used. Sirce occultations may ulti-
mately yield near-surface, tropical humidities accurate to ~1%
[Kursinski et al., 1995], an improved knowledge of the wet re-
fractivity constants in (31) may become desirable.

3.9.2. Equation of State. The van der Waals' equa-
tion of state which includes a first-order representation of non-
ideal behavior is given as

(P+n2a)(1—nb) = nRT (32)
where n is number density in moles m?, a = 0.0014 m® mbar
mole?, and b = 3.75 x 10° m® mole”. The values of a and b
represent weighted averages of the important atmospheric
constituents, nitrogen, oxygen, argon, and water.

3.9.3. Derivation of Density, Pressure and
Temperature from Refractivity. Solving for n as a
function of P and T (ignoring the cubic term in equation (32))
yields

P

"ERT (33)

1+ R—PT(ﬁ —b)]

Neglecting the effects of moisture, which are discussed in sec-
tion 3.13, (31) and (33) can be combined to relate n as a func-
tionof Nand T

1+—’l’—(—“--b-b,,RT)

= V]
Rb,| "Rb\RT

(34)

where b, is 5.79 x 10" mbar" and b, is 77.60 N-unit K mbar.
The fractional difference in the densities defined by (34) and
8) is

S N (L—b—baRT)

n = Rb,\RT (35)

To evaluate the error defined in (35), a linear temperature gradi-
ent T will be assumed with

T=T,+ T (zz),

he -
B T T,

Py e ey~
n = —Ig Ty 0 707! = ¢, T0~1

such that the density error is
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Figure. 16. Geometry required for differencing to remove
clock instabilities.

= n2(-4 __p_
5n—n(RT b b,,RT)

= 2720-2(_a _p_
= 3T (RT b baRT) 36)

Hydrostatically integrating the density error in (36) deter-
mines the pressure error, SP. The change in pressure error be-
tween two heights z, and z, is therefore given as

8P, 8P, = Rcyc} T202
”
bR T?

a __bT
2¢

R(2¢)+2) (2c+1)

(37

T

The temperature error 87 is the difference between the true
temperature T and the temperature 7 ., derived from the ideal
gas law. T ., contains errors because the density and pressure
estimates are imperfect, and errors in converting pressure and
density to temperature. Therefore the temperature error is

nR P AR
=(2__P)\iPlra_
= (nR ﬁR)+n (P "b)
The first term in parentheses on the RHS is the temperature er-
ror resulting from errors in pressure and density. The second
parenthetical term is the contribution from the nonideal por-
tion of the van der Waals equation of state. From (22) the frac-

tional error of 7T ., is the difference between the fractional
pressure and the fractional density errors. Therefore

-~ 2
8T = T-Tiyy = L(1 +u-nb)——E-

_ P(3P &n P [n%a
o = m(T -7) * zﬁ(—p‘—"b) (38)
Combining (38) and (35) gives

- P[dP - P[dP

Figure 17 shows the density, pressure, and temperature errors
for a simple mid-latitude atmosphere model with a surface tem-
perature of 288 K, a constant lapse rate between the surface and
the tropopause near 12 km (T ~ 215 K), and a constant

tropopause
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lapse rate between the tropopause and the stratopause at 50 km
(Tratopause ~ 260 K). The density and pressure errors are less than
0.04%. The maximum temperature error of ~0.09% occurs at
the surface and decreases rapidly to <0.04% at 10 km altitude.
Errors under tropical conditions are similar. The errors in Fig-
-ure 17 are generally small in comparison with other sources of
error. However, to derive temperatures accurate to tenths of a
Kelvin in the upper troposphere (Figures 12 and 15), the ef-
fects of compressibility and nonideal behavior should be in-
cluded to reduce errors in Figure 17 by at least an order of mag-
nitude.

3.10. Upper Altitude Boundary Errors

The upper integration limits of the Abel and hydrostatic in-
tegrals extend to an infinite altitude whereas the occultation
observations do not. Therefore high-altitude density and bend-
ing angle structure used in these integrals must be estimated
above some maximum altitude z, below which the occultation
data are used directly in the integrals. Incorrectly estimated
atmospheric structure above z, will produce errors in refractiv-
ity, density, pressure and temperature at altitudes below z,
which will decrease with decreasing altitude and can limit accu-
racy over altitudes several scale heights below z,. It is there-
fore desirable to start these integrals as high as possible. The
trade-off of balancing these errors and other errors described in
this section determines the altitude at which to start the Abel
and hydrostatic integrals and is discussed in section 3.14.
High-altitude climatological data will be used to characterize
the variability and therefore the expected accuracy of estimated
high-altitude atmospheric structure.

3.10.1. Abel Transform Upper Boundary. The
Abel transform integrates bending angle times a weighting
factor as a function of asymptotic miss distance with an upper
integration limit of infinity (equation (2)). To estimate at-
mospheric bending above the altitude z, where the data become
too noisy or biased to be used directly in the Abel integral, a
simple, climatologically based model can be used in which a
few free parameters describe typical high altitude atmospheric
structure for that latitude and season. The parameters can be es-
timated from a combination of measurements, including the
occultation observations themselves, models, and climatol-
ogy. :

For the purpose of this discussion, a simple exponentially
decaying model of ¢fa) above z, will be used to characterize to
first order the sensitivity of the refractivity and other retrieved
variables to the high-altitude atmospheric model. This model
has two free parameters, bending angle at z, (af(z,)) and bend-
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Figure 17. Fractional density, pressure, and temperature er-
rors due to approximations in refractivity equation (equation
(7)) and ideal gas law for conditions representative of midlati-
tudes.
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Table 4. Comparison of Error Magnitudes at 60 km Altitude

Fractional Bending
Source of Error Angle Error (radians)

Orbital velocity 0.003
Local multipath

(1 cm rms, 0-0.01 Hz spectrum) 0.006
Thermal noise

(SNR (15)=10%,t=25%) 0.0025
Ionosphere: daytime, solar maximum 88; 22(5) m;
Tonosphere: nighttime, solar maximum 0.004

ing angle scale height (Hp). Sensitivity of the retrieved vari-
ables such as refractivity can be characterized by varying of(z,)
and Hy. The ofz,) can be estimated accurately from the occul-
tation data if errors are small relative to the atmospheric bend-
ing. From (5) and (7), it can be shown that bending angle error
due to frequency measurement error is approximately

Sa. = 3f Avy

where &f is the frequency measurement error, A is the GPS sig-
nal wavelength, and Vv, is the ray path descent velocity in the
absence of the atmosphere. The error in of(z,) for several types
of error is given in Table 4.

On the basis of the U.S. Standard Atmosphere a nominal 60
km altitude bending angle of 5x10°radians is used in Table 4.
The magnitudes of local multipath and orbital velocity errors
have been discussed previously in sections 3.5 and 3.6. The
thermal noise error in Table 4 corresponds to a 1 s SNR (signal
power divided by thermal noise power) of 10° and an integra-
tion time of 2 s, roughly the time for the ray path to descend
one scale height in the mesosphere, and includes amplification
factors of 3 for the ionosphere correction and 2 for clock dif-
ferencing.

Under nighttime soldar maximum conditions, where iono-
spheric electron densities are relatively small, the orbital ve-
locity, local multipath, thermal, and nighttime solar maximum
errors are comparable, yielding fractional bending angle and
refractivity errors of the order of 1% or less at 60 km. Under
daytime conditions during solar cycle maximum, incomplete
removal of the ionosphere dominates the bending angle error
at 60 km. The influence of the ionosphere error can be reduced
by decreasing the altitude z, at which the Abel integral is initi-
ated with occultation data, although as indicated in section
3.14, 60 km is not far from optimum for minimizing overall
errors near the tropopause. With the present ionosphere cali-
bration scheme, this residual ionosphere error is also system-
atic and will bias derived refractivity. ‘

The accuracy of the bending angle scale height estimate Hy
depends on Knowledge of atmospheric structure primarily over
the three scale heights above z,. Since bending angle scales in
proportion to the vertical density gradient, the beiiding angle
scale height is approximately the density scale height. The
density scale height reflects the average temperature structure
over several scalé heights immediately above z,. While the
scale height can be estimated at z, from the occultation meas-
urements, the variations in the temperature structure above z,
are more difficult to estimate. On the basis of the 60 to 90 km
climatology of Champion et al. [1985] the largest variations
in the middle stratosphere to the mesopause regime occur dur-
ing winter months in the Arctic and subarctic regions associ-
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ated with sudden warming events. The Variations in tempera-
ture between 60 and 90 km can be as large as +15/-30 K (+7/-
14%). Since variations at other latitudes and seasons are
smaller, a value of 10 K will be used here as globally represen-

~ tative of rms temperature variations with respect to mean sea-

sonal climatology at a given height and location; 10 K corre-
sponds to a fractional scale height uncertainty of ~5% which
causes a refractivity error at z, of roughly 2.5%. _

On the basis of the estimated errors in (z;,) and H, for z,
=60 km under solar maximum nighttime conditions, the scale
height error will primarily determine the refractivity error as-
sociated with the upper boundary of the Abel transform: Under
daytime solar maximum conditions, the uncertainty in o(z,)
due to residual ionosphere will exceed the scale height uncer-
tainty, and the refractivity error at z, = 60 km will be ~7%.

3.10.2. Pressure and Temperature Errors. Hy-
drostatic equilibrium, integrated over a finite vertical interval,
provides the change in pressure over the interval. Obtaining
total pressure requires knowledge of the pressure at the upper
boundary z, of the hydrostatic integral. - Fractional variations
in pressure at mesospheric altitudes can be large because pres-
sure at a given height depends exponentially on the tempera-
ture at all altitudes below. Since fractional temperature varia-
tions at heights near 60 ki are generally smaller than the
pressure variations, the pressure at z, can be estimated using
the density retrieved via the Abel transform and an estimate of
temperature at z,. The resulting fractional pressure error at z, is

8 = e+ i)

The temperature error term at z, represents the a priori uncer-
tainty in 7(z,) and will be discussed shortly. The fractional
density error at z, (which is equal to the fractional refractivity
error) is the error due to the Abel upper boundaty error just dis-
cussed. As shown in Figure 18, refractivity error due to the ex-
trapolated bending angle model decreases with decreasing alti-
tude below z, and the pressure error therefore increases slowly
over this same range. The fractional refractivity and pressure
errors therefore decrease almost exponentially with decreasing
height (Figures 10, 11, 13, 14). The fractional temperature er-
ror contribution begins at zero at z, and increases until it
nearly equals the fractional pressure error.

3.10.3. Pressure and temperature errors due to
initial temperature guess. The error in the temperature
guess at z, used to initiate the hydrostatic integral produces a
constant pressure error. Therefore the fractional pressure error
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caused by this boundary error decreases exponentially with de-
creasing height. Since there is no refractivity error associated
with the error in the initial temperature guess, the correspond-
ing fractional temperature error equals the fractional pressure
error Such that

=)

H

8T(@) _ PQ) _ 8T, Pa) _ 8TG) (_
@ = PR~ Tk) PQ ~ T@)

where H is the average pressure scale height over the altitude
interval z to z,. For example, a 2% or ~5 K temperature guess
error at 0.2 mbar (~60 km) will produce a 0.004% pressure and
temperature error at 100 mbar (~16 km) equivalent to a 0.25 m
error in geopotential height and 0.01 K error in temperature.
The impact of the initial temperature guess is therefore far
more significant at high altitudes, and it is desirable to raise z,
as high as possible to minimize its contribution at a given al-
titude.

3.11. Horizontal Refractivity Structure

Conversion of observed atmospheric Doppler shift into
bending angle versus asymptotic miss distance and the subse-
quent derivation into refractivity versus height assume spheri-
cal symmetry in the vicinity of the ray path. This assumption
works quite well because the contribution to bending is focused
around the ray path tangent point (Figure 5). To assess the
impact of horizontal refractivity variations, simulations using
a 51 level, 40 km resolution, regional model have been per-
formed. The results indicate that horizontal variations in re-
fractivity will limit retrieval accuracy from the lower strato-
sphere down to the lower troposphere. The limiting rms errors
in temperature and geopotential height are estimated to be a
few tenths Kelvin and 7 to 8 m. Ultimately, more general re-
trieval approaches will be developed which account for hori-
zontal structure and improve upon the accuracy in the lower
atmosphere.

Before discussing the simulation results, some intuition
can be developed about the effect of horizontal refractivity
variations on retrieval accuracy. Contours of constant atmos-
pheric density would follow the geoid (defining a level of con-
stant geopotential) in the absence of atmospheric dynamics.
The geoid in turn can be approximated by an ellipsoid to an ac-
curacy better than 100 m. The local center of curvature defined
at the tangent to the ellipsoid can be used to interpret the oc-
cultation. measurements. Therefore it is informative to con-
sider a radius of curvature error where the atmosphere is spheri-
cally symmeétric, but the assumed and actual centers of curva-
ture differ. It can be shown that under these conditions, the
values of a used in the Abel transform are incorrect, resulting
in an error in refractivity 6N such that

§.1y_ = — §a_ (1 + !ﬂ)
N = 2a Hy (40)
where H, is the refractivity scale height [Kursinski, 1997].
From (40) a fractional refractivity error of 107 requires a center
of c_ufvature error of the order of 10 km. Equation (40) indi-
cates that the difference between the equatorial and polar radii
of the Earth would produce systematic fractional refractivity er-
rors of the order of 2 x 10°. Of course, since the shape of the
geoid is known to the meter level, the nonspherical shape can
be accounted for. In fact, an ellipsoid-based, local radius of
curvature reduces this error by a factor of 100 or more.
Atmospheric dynamics alter the shape of constant density
surfaces relative to the geoid. These distortions are generally
small (but nonnegligible) over the 200 km and larger horizon-
tal scales relevant to occultation measurements. The largest
horizontal refractivity variations and therefore refractivity er-
rors occur in the warm, lower troposphere caused by water va-
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por whose horizontal variations are not constrained by hydro-
static equilibrium in the same manner as the bulk gas.

3.11.1. Error due to Along-Track Horizontal
Refractivity Structure. To characterize refractivity errors
associated with realistic horizontal refractivity variations, re-
trievals have been simulated using both temperature and water
fields obtained from a 40 km resolution National Meteorologi-
cal Center (NMC) regional forecast ETA model [Janjic, 1990;
Mesinger et al. 1988], modified by M. Zupanski for Atmos-
pheric Infrared Sounder (AIRS) data simulation activities. The
area covered by the model spanned roughly from Hawaii to the
Great Lakes. Simulated measurements were created by ray trac-
ing signal paths from GPS satellites through the model atmos-
pheric structure to a receiver iri low Earth orbit. Profiles of re-
fractivity were then derived from the measurements using the
Abel transform. The retrieved refractivity error statistics of
Figures 10 and 13 show that rms errors are of the order of 0.2%
above 500 mbar and increase rapidly at lower levels to ap-
proximately 1% associated with increasing horizontal humid-
ity gradients. At the top of the trade wind inversion (~800
mbar) a layer roughly 200 m thick can contain vertical refrac-
tivity gradients sufficiently large for critical refraction to oc-
cur. As discussed in section 2.4, signal paths whose tangent
heights lie within such a layer cannot emerge from the atmos-
phere. The current implementation of the retrieval scheme
does not account for the bending angle singularity at the criti-
cal layer and does not derive refractivity accurately below criti-
cally refracting layers, so only profiles without critical refrac-
tion are included in Figures 10 and 13 below 800 mbar. As dis-
cussed in section 2.4, the refractivity profile within and below
the critically refracting layer will be accurately derived with an
improved Abel transform implementation.

3.11.2.  Pressure and Temperature Accuracy.
Figures 11 and 14 show the rms error in retrieved geopotential
height. Again, the increase in rms error in the lower tro-
posphere is associated with horizontal humidity gradients.
RMS temperature error contributions are typically around 0.25
K above 400 mbar (~7 km) increasing to ~2 K within 3 km of
the surface (Figures 12 and 15). The mean temperature error
above 4 km is generally less than 0.05 K.

3.11.3. Horizontal Motion During an Occulta-
tion. Occultations are seldom diametric because the transmit-
ter and receiver orbits are generally not coplanar, causing the
ray path tangent point to drift horizontally as it descends
through the atmosphere. The horizontal drift of the ray-path
tangent point leads to an error in refractivity because the bend-
ing angle derived at higher altitudes is not the bending angle
directly above the present tangent point. The ray path drift is
generally of the order of the horizontal averaging interval or
less, and the resulting errors are therefore relatively small.
The ratio of horizontal drift to vertical descent is greatest néar
the surface and the largest errors can therefore be expected
there.

The bending angle error da(z,z,,y) caused by horizontal
drift of the ray path tangent point is given to first order as

bafz2y) = Mfzzy) ) (1)
where z is the height of the error, z,is the height of the lower
integration limit of the Abel transform and the height of the
refractivity retrieval, and Ay is the horizontal distance the ray
path tangent point has drifted between heights z and z,.
3.11.4. Horizontal drift. The motion of the tangent
point is determined by the geometric motion between the
transmitter and the receiver relative to the Earth. For occulta-
tions where the direction to the transmitter is within +45° of
the velocity vector, the ratio of horizontal to vertical motion
of the ray path tangent point relative to the limb of the Earth
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Figure 19. Ray path tangent height versus time (solid line)
and versus horizontal location (dashed line) for an occultation
located 30° in azimuth off the LEO velocity vector.

ranges from O to 3 at the top of the atmosphere. The number of
daily occultations falling within +45° of the receiver velocity
vector for a high inclination orbit is 500, defining the number
typically quoted as the daily occultations per orbiting receiver
(another ~200 daily occultations occur at larger azimuths). As
the raypath descends through the lower stratosphere, the verti-
cal component of tangent point velocity slows as bending in-
creases, while the horizontal component of motion remains
basically unchanged. Near the surface the vertical descent ve-
locity has decreased by an order of magnitude or more relative
to the high-altitude descent velocity. For example, in the iso-
thermal case of Figure 19 the ratio of horizontal to vertical
displacement of the ray path tangent point (= dy/dz) is 2 at
the top of the atmosphere, whereas at the surface, dy/dz ~ 30.
In this example the 10 km altitude ray path tangent point has
drifted 140 km horizontally relative to its location at 60 km
altitude, whereas over the last 10 km of descent to the surface,
the ray path drifts an additional 160 km for a total drift of the
order of 300 km, demonstrating the significant increase in
horizontal drift near the surface.

3.11.5. Horizontal gradient of o«. To simplify the
discussion of the horizontal variation in ¢, o will be taken as
proportional to the vertical density gradient such that o ~ ¢
p/H where c is a scale factor, p is mass density, and H,is the
density scale height. This is a reasonable first approximation
because the contribution to bending is very focused toward the
ray path tangent region (Figure 5). With this approximation,

) op oH
agle) = ?}(Z’y) - F[;E)%(Z’y) @
= 555(29) - F£o(2)

The density gradient can be characterized in terms of geostro-
phic and thermal wind balance. Taking the vertical gradient of
the zonal geostrophic wind balance equation gives

Aoy ) = _109P _ 8%
&P = = 782z = 1oy

from which the fractional meridional gradient of density can be
related to the zonal geostrophic wind as

op _faug u,0p\ _ flou, g
poy 8% T pa)” 8% " H, “3)

Further, the meridional temperature gradient in (42) is related
to the vertical gradient of the geostrophic wind such that

T _ H f ou, faug

Tdy - RT & - 8 & (44)
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Equations (42) and (44) relate the horizontal gradient of bend-
ing angle to the geostrophic wind such that

(45)

To estimate realistic and representative retrieval errors, the
gradients have been derived from the climatology of the 25° to
40° south latitude band for the June-July-August period. This
region contains some of the largest horizontal gradients and
jets in both the troposphere and the stratosphere. The clima-
tological gradients of this region should exceed typical at-
mospheric gradients and therefore yield generally conservative
estimates of retrieved refractivity, pressure, and temperature
accuracy. On the other hand, these gradients may yield error
estimates within a factor of 2 or 3 of severe weather condi-
tions.

Between 25°S and 40°S in the troposphere the peak zonal
wind is ~35 m s near 200 mbar, and the vertical gradient of
the zonal wind between the surface and 200 mbar ranges from 2
to 4x10? s [Peixoto and Oort, 1992, Figures 7.15 and 7.16].
Of the two terms in the parentheses of (45), the vertical gradi-
ent dominates in the lower half of the troposphere and the
scale height term becomes larger near the jet. The net magni-
tude of the fractional bending angle gradient is ~5x10° km™.
In the stratosphere the gradient grows from a value near 0 at 30
km to a value of 1.4x10™ km™ due primarily to the scale height
term in.(45) and 100 m s™ jet near the stratopause.

Figure 20 shows the refractivity, pressure, and temperature
errors which result from the ~30°S climatological conditions
for a 2:1 horizontal to vertical displacement ratio at the top of
the atmosphere. All fractional error magnitudes are of the or-
der of 0.1% or smaller. The two jets at 10 and 50 km have
magnitudes of 35 and 100 m/s. The stratopause jet, through
the scale height term in (45), dominates the error structure
above 30 km. The peak in refractivity error and rapid reversal
in sign of its slope near 8 km is associated with the change in
sign of the gradient term in (45) above and below the jet at 10
km. The rapid increase in the near-surface error is associated
with the relatively large horizontal drift in the ray path loca-
tion there.

3.11.6. Pressure and Temperature Errors. The
pressure error lags the refractivity error with a peak geopoten-
tial height error of about 6 or 7 m near 6 km altitude. In the 10
to 20 km altitude range, where the occultation observations are
generally most accurate, the geopotential error goes through a
relative minimum of 2 to 3 m and should not limit overall
geopotential accuracy. Geopotential height errors in the
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Figure 20. Fractional refractivity, pressure, and temperature
error resulting from horizontal drift of ray path tangent point
during the occultation based on June-July-August climatolo-
gies near 30°S for the troposphere from Peixoto and Oort
[1992], and stratosphere from Andrews et al. [1987].
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stratosphere range from O at 60 km to a peak of ~7 m near 40
km. Peak tropospheric temperature errors of about 0.2 K and
0.5 K occur near 8 km and the surface, respectively. Tempera-
ture errors in the stratosphere are generally less than 0.1 K.
3.11.7. Discussion. Since the dry horizontal gradi-
ents used to estimate the effect of horizontal motion of the ray
path are representative of the largest climatological values

found in the lower and middle atmosphere, the accuracy esti-

mates should be generally conservative for dry regions. Errors
under extreme weather conditions can be expected to exceed
these estimates at least near the surface.

The horizontal structure of atmospheric water vapor will be
important at low altitudes with a strong dependence on tem-
perature. During warm tropospheric conditions in the summer
hemisphere and the tropics, baroclinicity tends to be small on
average and water vapor abundances large such that horizontal
refractivity structure in the warmer regions of the lower tro-
posphere will typically be dominated by water vapor. During
winter when baroclinicity is often large, the temperature de-
pendence of water vapor abundance tends to reduce refractivity
contrast across winter cold fronts [Hardy et al., 1994]. The re-
fractivity of air on the cold side of the front has a higher dry
density contribution due to the low temperature, whereas on
the warm side, the dry density contribution is slightly lower
due to warmer temperatures, but it is offset by the contribution
of higher specific humidity. A more complete assessment of
the influence of water is left as an area of future research as this
and other data sets improve upon the presently limited knowl-
edge of the distribution of atmospheric water vapor.

A final comment is that eventually, when multiple occulta-
tions are used in the retrieval process, the horizontal refractiv-
ity structure will be part of the solution and will improve upon
the accuracies estimated here to the extent that the density of
occultations is sufficient to observe the horizontal structure.
Similar statements can also be made regarding use of models in
the retrieval/assimilation process and the horizontal resolu-
tion of the models.

3.12 Accuracy of the Geometric Optics
Approximation

Except for a brief mention of diffraction during the discus-
sion on resolution in section 2.5 the geometric optics ap-
proximation has been assumed almost throughout. The error
in this approximation can be assessed in comparison with a
full diffraction approach. The results shown here are based
upon on a series of simulations representative of the sharp
changes in temperature lapse rate which may be found around
the tropical tropopause. The results of a comparison between
diffraction and geometric optics approaches indicate that the
geometric optics approach is accurate to several tenths of a
Kelvin near the tropopause and above.

The effects of diffraction were investigated in the vicinity
of the tropopause because of the sharp change in density (and
refractivity) scale height there. The dry density scale height is
given as

- Har)'!
Hp —H(1+sz)

where H is the pressure scale height (RT/mg). The change in
temperature gradient across the tropopause from a negative
value in the troposphere to a positive one in the lower strato-

sphere above causes the density scale height in the overlying .

region to be smaller than that in the underlying region.
Forward modeling with diffraction was done with a series of
intermediate “planes” (with values a function of only one co-
ordinate along these planes because of spherical symmetry)
between the transmitter and the receiver. Geometric ray trac-
ing, including defocusing, determined the phase and amplitude
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at the first plane. Propagation between planes was accom-
plished in two steps. The first step consisted of geometric ray
tracing from all points on a grid in one plane to all points on a
grid in the second plane (i.e., a two-dimensional set of traces).
This ray tracing established the phase and amplitude on the
first plane, as seen from the second plane. A Fresnel integra-
tion then determined the amplitude and phase at the second
plane. At the height of the tropopause, use of one intermediate
plane (near the true impact plane) was adequate, based on its
agreement with calculations for three, five and seven planes.
For thicker atmospheric conditions (e.g., at lower altitudes in
the troposphere), one plane may not suffice.

To characterize the error in the geometric optics approxi-
mation, the diffraction pattern in signal phase arising from
sharp tropopause structures was simulated. The simulated
phase was then passed through the retrieval process described
in sections 2.2 and 2.3. The retrieved structure was then com-
pared to the input (model) temperature profile. The results of
four sample cases are given in Figure 21. Figures 21 a and 21 b
each contain a single change in temperature lapse rate, with
case b having the larger change. Figures 21 ¢ and 21 d contain
two and three lapse rate changes, respectively, with a separa-
tion of 0.5 km between the changes. The geometrically re-
trieved minimum temperature is systematically larger than the
true minimum temperature because the sharp corner in the tem-
perature structure is not resolved. The height of the minimum
temperature in Figures 21 a and 21 b is also slightly higher
than the actual tropopause by 200 to 300 m. The temperature
differences in the lower set of panels in the Figure show the re-
trieval errors, which in all cases are < 0.8 K and, except for the
peak of the central error spike, are generally much less than
that. The vertical extent of the error is mostly contained
within +0.7 km (the radius of the first Fresnel zone) of the
sharp structures. In Figure 21 d, which is perhaps the closest
to typical tropopause structure, errors are 0.2 K or less. The
rms error over the 15 and 16.5 km altitude interval is roughly
0.1 K. A small positive bias less than 0.05 K also exists over .
this interval. There will be no appreciable error in pressure
because of the short vertical extent and small mean behavior of
the effects.

The magnitude of the error when using the geometric optics
approximation will depend on the sharpness of the tro-
popause. The results of Figure 17 indicate that errors due to
sharp structure in the upper troposphere and above can be ex-
pected to be of the order of several tenths of a Kelvin or less.
An investigation of lower troposphere diffraction effects,
which will probably be larger due to water vapor structures, is
planned. It is worth noting that the sharpness of changes in
vertical thermal gradients at the tropopause will be apparent
because it will produce a diffraction spike in the received sig-
nal amplitude as the signal path crosses the region. Some of
the GPS/MET occultations clearly exhibit such spikes, indicat-
ing the existence of a very sharp change in lapse rate at the
tropopause. These represent obvious regions where modeling
of the effects of diffraction, as mentioned in section 2.5, would
be warranted to retrieve the sub-Fresnel scale structure which
apparently exists there.

3.13. Water Vapor Ambiguity

In the warm regions of the lower troposphere, water vapor
contributes a large fraction of atmospheric refractivity at mi-
crowave wavelengths. Water vapor can therefore be derived
from occultation observations, the accuracy of which was
summarized in section 2.3. The high specific humidity in
these regions also means uncertainties in humidity will ad-
versely affect the accuracy of retrieved density, pressure, and
temperature. The effect of water vapor is a strong function of
latitude and height such that low-latitude derivations of tem-
perature will be limited by uncertainties in water below 9 km,
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Figure 21. Errors in the geometric optics approximation under tropical tropopause-like conditions. (a-d)
Four cases of model temperature (solid line) and geometrically retrieved temperature (dashed line) versus
height. (e-h) Temperature difference (retrieved minus model) versus height.

whereas high-latitude temperature accuracy will on average be
better than 2 K down to the surface.

The influence of water vapor on the GPS occultation obser-
vations was realized almost with the conception of the idea
[Yunck et al., 1988]. When water vapor contributions to re-
fractivity are significant, there are three equations (state, hy-
drostatic equilibrium, and refractivity) and four unknowns
(density, pressure, temperature, and humidity). Therefore addi-
tional information is required to separate the wet and dry con-
tributions to refractivity.

3.13.1. Density, pressure and temperature ac-
curacy. The refractivity equation, (11), can be differentiated
to relate uncertainties in humidity, temperature, and pressure as
follows:

dap,

PW

_ odT _ pdp
_2T B

- dT _ pdP
= (B+2)T - B4L b

P

_ bTP
where B = b,P,

, and Py, is the partial pressure of water va-

por.

For the purposes of this section, refractivity is assumed to
be known perfectly. B varies from a minimum value of ~2.5
near the surface in the tropics to of the order of 10* at the
tropical tropopause and above because of the strong depend-
ence of the water vapor mixing ratio on temperature. The cli-
matological dependence of B on latitude and pressure is given
by Kursinski et al. [1995]. The impact of water vapor is non-
linear, in fact quite nonlinear for small B, because of the cou-
pling among density, pressure, and temperature via the equa-
tions of hydrostatic equilibrium and state. Therefore a Monte
Carlo approach has been used to characterize the impact of wa-
ter. The uncertainty in water vapor is taken to be a percentage
of the climatological water vapor abundance. An additional
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Figure 22. Geopotential height error due to 20% uncertainty in water vapor abundance based on annual cli-
matologies for temperature and water vapor from Peixoto and Oort. Results are shown as a function of three
latitudes, equatorial (solid line), 30°N (long dashed) and 80°N (short dashed) and three vertical water vapor un-
certainty correlation lengths, 0.5 km (triangles), 2 km (circles), and 8 km (crosses).
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Figure 23. Temperature error due to 20% uncertainty in water vapor abundance. Conditions and legend same

as Figure 22.

variable necessary to characterize the impact of water on
geopotential is the vertical correlation length of the water va-
por uncertainty. .

Figures 22 and 23 show the resulting uncertainties in
geopotential height and temperature for latitudes of 0°, 300,
and 80° spanning equator to pole. A 20% fractional uncer-
tainty in water vapor is used, representative of uncertainties in
the lower troposphere but probably too small in the middle
troposphere where 50% or even larger uncertainties may be
more representative of present knowledge. Therefore low-
latitude accuracies in Figures 22 and 23 between 5 and 10 km
altitude should be increased by a factor of 2 to 3 to be more rep-
resentative of present uncertainties. Vertical correlation
lengths in the uncertainty of the water vapor of 8, 2, and 0.5
km are shown, crudely corresponding to the scale height of the
background atmosphere, the water vapor scale height, and
small-scale vapor layering related perhaps to clouds. Signifi-
cant changes in the vertical distribution of water vapor can oc-
cur over still smaller intervals which can be extrapolated from
the results in Figures 22 and 23.

3.13.2. Discussion and Interpretation. The lati-
tudinal and vertical dependence of accuracy in Figures 22 and
23 reflects the strong temperature dependence of atmospheric
humidity associated with the Clausius-Clapeyron relation.
Low-latitude errors are roughly an order of magnitude larger
than those at high latitudes because low-latitude air is moister
than high-latitude air by roughly this same factor. The results
show that near-surface temperature errors at low latitudes will
be 8 to 10 K for a 20% uncertainty in water vapor, whereas at
high latitudes, errors will be of the order of 1.5 K or better.

The ~2 km scale height of atmospheric water (Hy), 4 to 5
times smaller than that of the bulk atmosphere (H), largely de-
termines the vertical structure in Figures 22 and 23. The small
water scale height means that the impact of water increases
dramatically at lower altitudes. Uncertainties in temperature
and geopotential increase by a factor ranging from 3 to 10
over the bottom 5 km of the atmosphere. Assuming 50% un-
certainty in middle tropospheric water vapor, 1 K temperature
accuracy will be limited to altitudes above about 9 km at low
latitudes. Another result of the small size of Hy, is that the in-
crease in fractional pressure error at lower altitudes lags the in-
crease in fractional density error such that the ratio of the two
is of the order of Hy/H or less. Therefore from (22), the frac-
tional temperature error must nearly equal the density error and
be much larger than the fractional pressure error. The frac-

tional accuracy of pressure will therefore be better than that of
temperature near the surface in warm, moist regions. For in-
stance, at low latitudes, a surface error of 9 K (Figure 23) is an
error of ~3% error, whereas a 100 m geopotential height error
represents a ~1% error in pressure (Figure 22). The difference
is even more pronounced several kilometers above the surface.

Figure 23 also demonstrates that fractional pressure and
therefore geopotential accuracy depend on the correlation
length of the water vapor uncertainty for lengths less than the
water vapor scale height. Reducing the correlation length by a
factor of 4 from 2 to 0.5 km reduces the surface geopotential
error by roughly a factor of 2, consistent with a square root
scaling expected from integrating a randomly varying error
(i.e. a random walk process). The height below which the
geopotential error exceeds 20 m ranges from between 3.5 and 5
km at the equator and between 1.5 and 3.5 km at 30° depending
on water vapor correlation length. RMS geopotential errors at
80° latitude are less than 20 m below 30 km altitude.

3.14. Summary of Refractivity,
and Temperature Accuracy

Density, Pressure,

The refractivity, pressure and temperature errors discussed
earlier have been assembled to establish an overall estimate of
accuracy as a function of height, latitude, season, and solar cy-
cle. The predicted temperature accuracy is similar to the origi-
nal prediction of G. Lindal [Yunck et al., 1988] and subsequent
update [Kursinski, 1994]. The analysis here also establishes
the relative contributions and importance of individual sources
of error as well as the vertical range of the retrievals. Because
of the relevance to characterizing climate, biases and long-
term variations in these errors are discussed later in the sec-
tion.

Three pairs of Figures are shown, a pair each for refractiv-
ity, geopotential, and temperature accuracy as a function of
height. The accuracy represents the rms accuracy of individual
retrieved profiles. Each pair of Figures represents two ex-
tremes in conditions. The lower-accuracy Figure includes con-
ditions representative of daytime solar maximum conditions
where the impact of the ionosphere is maximum, relatively
low SNR equivalent to that achieved by the prototype
GPS/MET mission (SNRg=5x10*) and low-latitude tro-
pospheric conditions for derived profiles of temperature and
pressure where the contribution of water vapor to refractivity
is maximum. The more optimal case represents nighttime so-
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lar maximum conditions, a relatively high, 1 s SNR of 5x10°
expected of future instrumentation and high-latitude tro-
pospheric conditions where the influence of water vapor is
minimum. In each Figure, the square root of the sum of the
squares of all error contributions is shown at each altitude level
representing overall estimated accuracy. The orbit error and
contribution of the troposphere on the differencing link dis-
cussed in sections 3.4 and 3.6 are small and not shown in this
set of Figures in order to reduce clutter. Errors in the geometric
optics approximation due to sharp vertical refractivity struc-
ture discussed in section 3.12 are not shown because the fre-
quency and statistical distribution of these structures is needed
to create representative curves for Figures 10-15. In fact, a
global occultation data set may be the only data set capable of
quantifying this distribution. A brief description of each Fig-
ure summarizing its important features follows.

3.14.1. Figure 10, refractivity: daytime solar
maximum, low SNR. The thermal noise at the level of the
GPS/MET prototype receiver limits accuracy above 30 km alti-
tude. As discussed in section 3.3, the impact of thermal noise
depends strongly on integration time and can be reduced at the
expense of vertical resolution. The integration time used in
Figure 10 is the time for the ray path to descend a Fresnel di-
ameter (~1.4 km). Increasing the integration time to descend
through a layer 2.8 km thick would réduce the thermal contri-
bution to the error by a factor of almost 3, bringing the ther-
mal error down to a level comparable with the ionosphere er-
rors. Horizontal structure limits accuracy below 30 km. The
increase in refractivity error below 8 kin is due to horizontal
refractivity structure associated with higher water vapor con-
centrations at lower altitudes. The altitudé range over which
the error is less than 0.4% (crudely equivalent to a 1 K error in
temperature) ranges from roughly 5 km to 30 km. ,

3.14.2. Figure 13, refractivity: nighttime so-
lar maximum, high SNR. Thermal noise and the 5% un-
certainty in the high-altitude scale height limit accuracy in the
top 5 km. Local multipath limits accuracy between 35 and 55
km. Horizontal refractivity structuré limits accuracy below 30
km. Fractional accuracy of 0.4% or better is predicted between
5 and 40 km. ‘

3.14.3. Figure 11, geopotential: daytime solar
maximum, low SNR, low-latitude water vapor. Re-
sidual ionosphere error limits geopotential accuracy above 20
k. This error includes both the impact on the atmosphere
model used above 60 km in the Abel integral discussed in sec-
tion 3.10 and the impact on derived refractivity below 60 km
discussed in section 3.7. The region between 8 and 18 km
around the tropopause will be limited by horizontal refractiv-
ity structure to an accuracy of 8 to 10 m. At low latitudes in the
middle to lower troposphere, the uncertainty in water vapor
will limit accuracy causing errors to increase to ~50 to 80 m
near the surface. The fractional water vapor uncertainty used in
Figure 11 rises from 10% at the surface to 50% at 6 km altitude
and above.

3.14.4. Figure 14, geopotential: nighttime so-
lar maximum, high SNR, high-latitude water va-
por. The 10 K climatological uncertainty in temperature
above 60 km and its impact on the Abel transform (section
3.10) limits geopotential accuracy above 45 km. Local multi-
path limits accuracy over the altitude interval from 20 to 45
km. Horizontal refractivity structure limits accuracy below 20
km. The water vapor uncertainty represents the best case from
Figure 22 (section 3.13) of high-latitude concentrations with a
small vertical correlation length of 0.5 km so the hydrostatic
integral does not accumulate much pressure error. Under these
conditions, geopotential height will be accurate to 20 m or
better below about 30 km. The highest accuracies of 8 to 10 m
rms are predicted between 10 and 20 km altitude.
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3.14.5. Figure 12, temperature: daytime solar
maximum, low SNR, low-latitude water vapor. As
in Figure 11, the ionosphere causes an erroneous high altitude
atmosphere model impacting Abel transform accuracy at high
altitudes.  This error and the low SNR limit temperature accu-
racy above 40 km. As discussed in Figure 10, doubling the in-
tegration time (2.8 km vertical layer) would reduce the thermal
contribution to the error by a factor of almost 3 bringing the
thermal error down to a level comparable to the hydrostatic and
local multipath errors. Between 17 and 40 km, accuracy is lim-
ited by contributions from thermal noise, local multipath, and
residual ionosphere which has the largest influence. Between
9 and 17 km, horizontal refractivity structure limits retrieval
accuracy. At equatorial latitudes the uncertainty in water abun-
dance limits temperature accuracy below 9 km altitude such that
below 6 or 7 km, the occultation data are better used to derive
watér vapor than temperature (section 4). As in Figure 11,
fractional water vapor uncertainty rises from 10% at the surface
to 50% at 6 km altitude and above. Temperature accuracies bet-
ter than 1 K are predicted between 8 and 30 km with accuracies
of 0.3 to 0.4 K accuracy expected bétween 10 and 20 km.

3.14.6. Figure 15, temperature: nighttime so-
lar maximum, high SNR, high-latitude water va-
por. Above 45 km altitude, several comparable sources of er-
ror influence derived temperature accuracy, including uncertain-
ties in high-altitude structure which influence the Abel and hy-
drostatic integrals, thermal noise, and local multipath. Local
multipath dominates temperature accuracy between 30 and 45
km. Horizontal refractivity structure limits retrieval accuracy
between 6 and 20 km. Below 6 km, uncertainty in water abun-
dance dominates the error. Sub-Kelvin accuracy is predicted to
extend from 40 km altitude to within 1 or 2 km of the surface.

3.14.7. Diurnal, seasonal, and latitudinal de-
pendence. A few additional comments can be made concern-
ing the dependence of accuracy. In the lower troposphere, ac-
curacy at high latitudes will exhibit a strong seasonal depend-
ence associated with the large variations in temperature and
therefore water vapor. The high-latitude results shown in Fig-
ures 13-15 represent an annual average so that results during
winter will be better, whereas results during summer will look
more similar to the midlatitude results in Figures 22 and 23.
The magnitude of the horizontal drift error in the lower tro-
posphere should increase some at lower latitudes because of the
increase in water vapor abundance and horizontal variations in
water vapor abundance. Residual ionosphere error can be ex-
pected to exhibit some latitudinal dependence due to system-
atic latitudinal structure such as the equatorial and auroral jets.

3.14.8. Biases and slowly varying errors. To
this point, the error analyses have been concerned primarily
with rms errors of individual retrieved profiles. However, for
climatic observations, biases and slow systematic variations
in the errors are of concern. Sources of error potentially im-
portant to biases in profiles of refractivity, pressure, and tem-
perature retrieved in the upper troposphere are local multipath,
horizontal refractivity structure, residual ionosphere and as-
sumed water vapor for retrievals in the troposphere.

3.14.8.1. Local multipath: Errors due to local mul-
tipath depend systematically on the spacecraft geometry and
electrical properties in the vicinity of the receiver antenna as
well as the occultation-viewing geometry. To the extent that
the viewing geometry changes from occultation to occulta-
tion, the local multipath errors will have zero mean and there-
fore average down when regional and temporal averages are
calculated. As mentioned in section 3.5, directional antennas
and modeling will reduce the multipath effect. Therefore errors
due to local multipath in spatially and temporally averaged oc-
cultation profiles acquired by a GPS receiving system designed
to make climate observations should be at least an order of
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Figure 24. Averages of the refractivity, geopotential height, and temperature errors in 120 simulated re-
trievals caused by horizontal, along-track refractivity structure discussed in section 3.11.

magnitude smaller than the errors in individual profiles esti-.

mated in Figures 10-15.

3.14.8.2. Unmodeled horizontal refractivity
structure: In section 3.11, a set of ~120 profiles were simu-
lated to estimate the sensitivity to non spherical refractivity
structure. The average refractivity error of the 120 profiles is
less than 5 x 10 and generally less than 2.5 x 10 for alti-
tudes above 2 km (Figure 24a). The average temperature error
(Figure 24c) is less than 0.1 K, indicating a direct sensitivity
to temperature at the retrieval altitude, while the average
geopotential height érror of 1.5 m or less (Figure 24b) indi-
cates the accuracy to which the average temperature of the at-
mosphere below that height is measured. The error of 1 meter
at the height of the tropical tropopause (~16 km) is equivalent
to knowing the average temperature of the troposphere to
~0.02 K, a very sensitive measure of average temperature.

As discussed in sections 3.11 and 2.4, a sharp refractivity
gradient can exist at the trade wind inversion typically at 1.5
to 2 km altitude over the ocean which is sufficiently large to
cause critical refraction (séction 2.4) causing problems for the
present numerical implementation of the Abel transform, and
results at and below 2 km are therefore not shown in Figure 24.
As discussed, a numerical iniplementation of the Abel integral
capable of handling the bending angle singularity is being de-
veloped as are ray tracing approaches which will significantly
reduce this problem.

Persistent dynamical structure will distort suifaces of con-
stant density (and therefore refractivity) rélative to the geoid.
For example, the strong winter anticyclone over Siberia which
disappéars by summer in favor of a low-pressure system north
of the Indian subcontinent [Peixoto and Oort, 1992] will pro-

duce systematic seasonal biases in retrieved refractlvny, pres- '

sure and temperature if not accounted for. Therefore minimiz-
ing biases in derived refractivity caused by such structures re-
quires that the curvature of refractivity surfaces used in the re-
trieval process include both the shape of the geoid and the
shape of the climatological density cortours (section 3.11).
systematic horizontal structure becomes apparerit in the aver-
aged occultation profiles which differs from the climatology,
then the climatology should be replaced by the derived sys-
tematic horizontal structure and the retrievals should be rees-
timated until average rétrieved refractivity . and curvature of
constant refractivity surfaces are self-consistent.

3.14.8.3. Ionospheric Errors: Incomplete calibra-
tion of the daytime ionosphere will probably be the most im-
portant source of error to long-term climate studies because in-

complete calibration will allow a small signature of the solar
cycle to leak into the derived occultation profiles creating an
apparent physical connection between the solar cycle and the
atmospheric structure.

The results in section 3.7 indicate that the error in derived
refractivity when using the ionosphere calibration scheme of
Vorob'ev and Krasil'nikova [1993] is approximately inde-
pendent of altitude, with a magnitude which depends strongly
on the diurnal and solar cycles. The greatest systematic varia-
tions in error ovér the solar cycle will occur in daytime obser-
vations. Errors during nighttime, solar maximum and daytime,
solar minimum conditions are smaller by more than an order of
magnitude and 1n31gmf1cant Daytime ionosphere refractivity
error will vary by ~10? and ~10* at 30 km and 10 km altitude
respectively over the solar cycle (Figure 10). Retrieved day-
time temperatures at 30 km and 20 km altitude will systemati-
cally shift by 0.8 K and 0.2 K over the solar cycle (Figure 12).
Geopotential will likely be the derived variable most affected
by daytime ionosphere error because the relatively constant re-
fractivity error with height will integrate to a large fractional
érror in pressure via the hydrostatic integral. The geopotential
height error at 20 km altitude during daytime solar maximum
conditions will be of the order of 10 m which is equivalent to a
change in the average atmospheric temperature below 20 km of
~0.1 K, which as a worst case error still represents a very sen-
sitive measure of average temperature. At 10 km height the
geopotential error will be an order of magnitude less.

Higher order calibration schemes for ground based GPS ob-
servations reduce first-order calibration errors by an order of
magnitude. A higher-order occultation calibration scheme
which accounts for the vertical structure of the ionosphere
(which can be derived from the occultation observations them-
selves) should reduce these errors by at least a factor of 3. A
factor of 3 would reduce the daytime solar cycle signature to
3x10* at 30 km and 3x10” at 10 kin reprcsentmg a significant
improvement in sensitivity to changes in climate.

3.14.8.4. Assumed water vapor: In deriving tem-
perature and pressure estimates in the warmer regions of the
troposphere, additional information about water vapor must be
used: To the extent that the water vapor climatology is under-
stood, the assumed water vapor should be consistent with the
climatology, and biases will then depend on how good the
climatology is. ‘

In summary, biases and slowly varying errors should be at
least an order of magnitude smaller than the rms errors of Fig-
ures 10-15 with the one notable exception that the variation in
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the residual daytime ionosphere over the course of the solar
cycle will equal that in Figures 10-12. The variation in day-
time temperature error of 0.8K at 30 km over the solar cycle is
not large and should be reduced by at least a factor of three with
a higher order ionosphere correction. A long-term, database of
nighttime observations should provide a still more sensitive
set for studying long-term variations in climate.

3.14.9. Caveats to estimated accuracy. Several
caveats exist regarding the estimated errors and conclusions.
First, as a reminder, the measurements are made in a limb-
viewing geometry so accuracies are relevant to a sampling
volume roughly 200 to 300 km long and ~1 km across and tall
(section 2.5). Caveats regarding removal of the ionosphere
have already been discussed in section 3.7 and will not be re-
peated here. Horizontal refractivity variations in the lower
atmosphere may be larger than those in the 40 km resolution
regional model used to derive the horizontal sensitivity in
Figures 10-15. Gravity waves with horizontal wavelengths
~100 km may impact accuracy depending on the frequency of
occurrence and magnitude of these waves [Belloul and
Hauchecorne, 1997].

The accuracy of refractivity retrieved within a few kilome-
ters of the surface is complicated by the effects of diffraction,
critical refraction, and atmospheric multipath. The error due to
horizontal drift of the ray path during the occultation estimated
in section 3.11 did not include horizontal variations of water
vapor and therefore underestimates the error in the lower tro-
posphere at low latitudes. Still it remains difficult to imagine
that the errors due to horizontal water vapor inhomogeneity
could approach a level comparable with the errors due to the
water vapor uncertainty.

3.14.10. Future improvements. Improvements can
be made such that accuracies will exceed those estimated in
Figures 10-15. As mentioned, signal-to-noise ratio can be in-
creased with higher-gain antennas and lower-noise amplifiers,
improving refractivity and temperature accuracy at high alti-
tudes and the ability of the receiver to track the signals at low
altitudes. Better antennas will also reduce the magnitude of lo-
cal multipath, and smaller spacecraft will reduce the impact of
local multipath by decreasing the phase rate of the multipath
error (Kursinski, 1997). An improved ionosphere calibration
scheme would substantially improve stratospheric retrievals
and reduce systematic error during daytime conditions of the
solar cycle maximum. Ultimately, reducing the impact of the
ionosphere would best be accomplished with an additional,
higher-frequency signal. Sub-Fresnel scale structure may be re-
trievable by accounting for the effects of diffraction which will
improve both resolution -and accuracy. Characterization of
vertical structure at the 100 to 200 m level might then be pos-
sible within several kilometers of the surface where it would be
particularly important.

Improvements beyond the already high accuracy predicted
in the upper troposphere through the lower stratosphere can be
accomplished by combining multiple occultations with other
data sets and models, such as the ECMWF weather analysis
model, in a grander scale retrieval or assimilation scheme
which would consider and derive both vertical and horizontal
structure [Gorbunov and Sokolovskiy, 1993; Eyre, 1994]. The
higher density of soundings provided by a constellation of or-

- biting receivers would be very useful in this regard. To-
mographic simulations of Gorbunov and Sokolovskiy [1993]
indicate a factor of 10 improvement may be achievable. On
the basis of Figures 10-15 the improvement would primarily
be in the troposphere and lower stratosphere.

3.14.11. Use of external information. The re-
trieval scheme described here uses the occultation data as much
as possible, minimizing the use of independent information.
Optimization under these conditions is a balance between the
relative contributions of two types of error. The first type
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consists of the Abel and hydrostatic boundary value errors
(section 3.10) where the desire is to raise the upper boundary
altitude as high as possible to reduce the impact of the errors at
lower altitudes. The other class consists of all other error
types where the desire is to lower the upper boundary altitude
in order to reduce the accumulation of error, particularly the
hydrostatically integrated pressure error, at lower altitudes.
The optimum upper boundary altitude which minimizes the er-
ror at some lower altitude can be found by approximating the
behavior of the dominant error terms with some simple ana-
lytical approximations and either directly calculating an opti-
mal altitude or numerically varying the starting altitude to find
the minimum error. Taking minimization of error near 100
mbar as the goal, 60 km is not far from optimum. 60 km is a
few kilometers higher than the optimum upper boundary alti-
tude under the daytime, solar maximum and low SNR condi-
tions of Figures 10-12, and it is several kilometers too low un-
der the better conditions of Figures 13-15. This assessment
assumes that the 5% scale height uncertainty in the upper at-
mosphere model (section 3.10) is independent of height.

The analysis here has minimized reliance on external in-
formation in the retrieval process in order to characterize the
informational content of individual occultation sOundings and
the accuracy expected using an Abelian-based retrieval capabil-
ity. External information has only been used at the upper
boundary of the retrieval process. Despite the limitations of
this approach, the resulting accuracy already exceeds that of
present and many planned satellite sensors. For instance, sub-
Kelvin temperature accuracy, a goal of NASA's Mission to
Planet Earth, appears achievable over a significant fraction of
the troposphere and stratosphere. A more optimal use of the
occultation data can be achieved when the occultation data are
combined with independent information with a weighting
scheme consistent with the relative accuracies of the respec-
tive data types. In addition, accuracy will be improved when
horizontal information available in weather analysis models is
incorporated in the retrieval process [Eyre, 1994].

4. Applications

In this section, several areas of application well suited to
the unique combination of features of the atmospheric profiles
derived from GPS occultation measurements are discussed and
summarized. .

4.1. Weather

Assimilating observations of important atmospheric vari-
ables into weather models and assessing their impact are major
activities within a number of research agencies. Existing data
assimilation techniques are easily adapted to exploit the full
potential of occultation data to be provided by a suite of space-
craft carrying GPS receivers. Such techniques are ideally suited
to ingesting the globally dense but irregularly spaced and
timed occultation measurements. Comparisons of data acquired
from the prototype GPS-MET mission with atmospheric
analyses available every 6 hours from ECMWF have already
demonstrated desirable properties for their use in numerical
weather prediction (NWP), namely, generally good agreement
with a high-quality NWP analysis plus the ability to identify a
minority of cases where there is room for significant im-
provement in the analysis [Kursinski et al., 1996]. In effect,
the GPS occultation system extends radiosonde-like measure-
ments to the full globe Even the relatively sparse sampling of
500 daily occultations from a single orbiting receiver will .
more than double the number of high vertical resolution pro-
files presently available in the southern hemisphere while
providing a far more even distribution. Furthermore, occulta-

_ tion measurement horizontal and vertical resolutions are gen-
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erally similar to the horizontal and vertical resolution used in
global models.

Data assimilation systems can use the multiple dependen-
cies of the occultation measurement (7) on temperature, pres-
sure, and water vapor directly and determine how to interpret
tropospheric refractivity in terms of the moist and dry contri-
butions. Studies evaluating the impact of GPS occultation ob-
servations on weather models have either assimilated retrieved
refractivity [Zou et al., 1995; Kuo et al., 1996] or bending an-
gle [Eyre, 1994]. Bending angle assimilation uses a forward
approach where model variables are adjusted until simulated
observations generated via ray tracing through the model
match the observed bending angles. This approach, while
more costly computationally, makes better use of the com-
bined model and GPS data information ard constraints.

Kuo et al. [1996] have examined the impact of assimilating
refractivity on model extratropical cyclone prediction. Cy-
clogenesis is driven by vorticity anomalies at the upper and
lower boundaries of the troposphere such that the high accu-
racy of temperatures and pressures derived near the tropopause
is well matched to the dynamical importance of the topogra-
phy of the tropopause [Hoskins et al., 1985]. Kuo et al. exam-
ined the impact of refractivity below 3 km by removing it from
the data assimilation.. The result was a reduction in the rate of
deepening of the cyclone in the forecast by more than a factor
of 2 clearly demonstrating the constraints of refractivity on
low-level temperature and latent heat to cyclogenesis. They
also point out that constraints placed by refractivity are par-
ticularly important near the baroclinic wave because of the
rapid growth of changes in initial conditions as the baroclinic
wave develops. Assimilation of refractivity considerably im-
proved the upper level potential vorticity anomaly, the pri-
mary upper level forcing mechanism for low-level cyclogene-
sis, due to the dynamic coupling among temperature, pressure,
and winds. The coupling is demonstrated by simple scaling
analysis which indicates ~8-10 m geopotential accuracy
(Figure 14) is equivalent to 1% accuracy of the midlatitude jet
velocities determined over scales of the Rossby radius of de-
formation. . ’

Since refractivity in the warmer regions of the lower tro-
posphere tightly constrains water vapor [Kursinski et al.,
1995], precipitation and moisture forecasts will undoubtably
improve, as indicated in the simulation experiments by Zou et
al. [1995] and Kuo et al. [1996]. Since condensed water con-
tent is usually a small fraction of total water content, GPS ob-
servations sense most of the total water and do so under any
and all weather conditions unlike IR measurements. Interest-
ingly, Kuo et al. found that the improvement in the moisture
analysis and precipitation is largely lost 12 hours into the
forecast, a duration which is short compared to water vapor's
climatological mean time aloft of 9 days (= mean water con-
tent divided by mean precipitation). Since atmospheric water
vapor should in some sense be correlated over the 9 days, the
decorrelation over 12 hours implies that the processes control-
ing atmospheric water within the model are less than optimum
and will limit the impact of the GPS data on the forecast.
Given the current state of models, assimilation of occultation
data will at least improve the very short term precipitation
forecasts. '

Another point is that global weather analyses provide the
best global stat of the atmosphere and are therefore used in a
myriad of other applications such as field campaigns, process
studies, and development of climatologies. By improving
model analysis accuracy particularly in remote regions, GPS
observations will indirectly influence many areas of research.

4.2. Climate

Perhaps the most obvious application of GPS occultation
observations is monitoring regional and global atmospheric
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behavior on seasonal, interannual, and decadal timescales,
thereby providing an important segment of the data needed to
evaluate climate models. GPS radio occultation observations
were in fact originally conceived for the purpose of observing
predicted climatic changes in thermal structure from the mid-
troposphere through the stratosphere [Yunck et al., 1988].
Like the solar occultation observations of Stratospheric Aero-
sol and Gas Experiment (SAGE), radio occultations have inher-
ent features of self-calibration, high accuracy, and vertical
resolution with the additional feature of insensitivity to at-
mospheric particulates. The GPS has been designed and im-
plemented as a long-term capability implemented by the U.S.
military and funded by U.S. taxpayers and will be available for
producing a long-term data set needed to observe and under-
stand the behavior of our climate system over the coming dec-
ades. :
Data used to study climate will be temporally and spatially
averaged and the horizontal averaging inherent to the occulta-
tion limb-viewing geometry is therefore a desirable feature in
the context of climate research. The high accuracy of individ-
ual occultation profiles used in constructing regional averages
reduces the number of soundings needed to achieve a specified
level of measurement accuracy, thus allowing regional trends
to be observed more quickly and longer-term trends to be ob-
served more precisely to the extent that measurement accuracy
rather than natural variability dominates the uncertainty in
identifying longer-term trends and behavior.

4.2.1. Changes in propagation delay. To this
point, our discussions have centered around derivation and in-
terpretation of refractivity, pressure, temperature and water va-
por from radio occultations. Yuan et al. [1993] have suggested
another approach utilizing GPS occultation propagation delay
as a potential measure of climate change. Their simulations of
changes in atmospheric propagation delay using the nine layer
NCAR community climate model between model atmospheres
with and without a doubling of CO; concentration were as large
as 300 m near the surface. In warm regions, increases in delay
were caused by increased water vapor abundances associated
with warming. In cold, high-latitude regions, decreases in de-
lay were observed because near-surface warming caused bulk
gas densities and therefore refractivities to decrease. These
near-surface signatures are very large relative to the precision
to which delay can be measured.

Identifying the signature of an anthropogenically induced
change in climate requires that the signature stand out against
natural climatic variability. Unfortunately, the same nonlin-
ear sensitivity responsible for the large climatic’ changes in
delay can also produce large natural variability. For example,
Figure 25 shows the variations in propagation delay versus ray
path tangent height calculated by ray tracing through a set of
61 atmospheres whose vertical structure is defined by the July
1991 radiosonde data set from Hilo, Hawaii, discussed by
Kursinski et al. [1995]. Root mean square variations in delay
over the month are large, in fact larger than the predicted cli-
matic change signature, a result which is somewhat surprising
because tropospheric pressure and temperature variations over
the month are small at 1 mbar and 0.5 to 2 K.

Propagation delay of signals passing through the lower
troposphere depends on vertical gradients of refractivity
whose variability is fairly large, particularly that associated

_ with the strength and height of the trade wind inversion typi-

cally found near 2 km altitude during the July 1991 period. For
example, the standard deviation of water vapor just above the
average height of the trade wind inversion is ~50%. The vari-
ability in Figure 25 demonstrates the Sensitivity of the occul-

_ tation delay to large vertical refractivity gradients, implying

that climatic changes in the height and magnitude of system-
atically large vertical refractivity gradients may contribute a
significant portion of long-term trends and variability in the

- occultation delay observable. Therefore to interpret observed
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Figure 25. Atmospheric propagation delay at low latitudes:
comparison of change in delay at low latitudes due to a dou-
bling of atmospheric CO, (short-dashed line) as estimated by
the NCAR community climate model [Yuan et al., 1993] with
the simulated average delay (long-dashed line) and standard de-
viation of delay (solid line) derived from the 63 radiosondes re-
leased from Hilo, Hawaii, during July, 1991.

changes in delay, climate models must have both sufficient
vertical resolution to represent the large vertical gradients as
well as adequate physical coupling between the gradients and
the changes in radiative forcing which drive the purported
changes in climate, posing an interesting challenge for the
models.

4.2.2. Changes in Temperature near the Tro-
popause. Accurate, high vertical resolution temperature pro-
files of occultation measurements in the middle to upper tro-
posphere and stratosphere provide an obvious tool for moni-
toring climatic variations complementing the very accurate
but poor vertical resolution temperatures in this region and be-
low produced by nadir-viewing microwave radiometers
[Spencer and Christy, 1990]. Temperature monitoring in the
stratosphere is expected to provide a relatively straightforward
test of cooling predicted in response to observed increases in
greenhouse gas concentrations. At somewhat lower altitudes,
profiles in the upper troposphere through the lower strato-
sphere can be compared with the contrast expected between
warming in the troposphere and cooling in the stratosphere, a
signature which has been proposed as a detection fingerprint
of climate change [Epstein, 1982; Parker, 1985; Karoly,
1987, 1989] but may be limited by inadequate knowledge of
the sources and magnitude of natural variability producing
similar signatures [Liu and Schuurmans, 1990]. The altitude at
which warming reverses to cooling varies significantly be-
tween models, and comparisons between recent observations
and model simulations indicate the model altitude is generally
placed too high [Houghton et al., 1990, chap. 8]. Trends re-
ported by Angell [1988] indicate the upper troposphere may in
fact be cooling. Results such as these are indicative of the
need for accurate, long-term, and high vertical resolution ob-
servations in the tropopause regime which occultation obser-
vations can provide.

Measurements near the tropopause are well suited for ob-
serving the atmospheric response to impulsive changes in ra-
diative forcing produced by massive volcanic injection of
aerosol material into the upper troposphere and lower strato-
sphere. The global coverage and accuracy of individual GPS
soundings in the stratosphere and upper troposphere allow one
to peer inside and observe the spatial and temporal evolution
of the thermal structure of the atmosphere as it adjusts to the
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changes in forcing, even in the presence of significant aerosol
loading and clouds.

4.2.3. High-latitude, near surface warming.
Climate models generally predict enhanced near-surface warm-
ing at high-latitude regions during winter months in response
to a doubling of atmospheric COy concentrations [Houghton et
al., 1990, chap. 5]. The models also exhibit relatively large
natural variability at high latitudes, implying early detection
and interpretation of gradual climatic shifts in temperature may
be difficult. Nonetheless, both the natural variations and the
gradual climatic shift are of interest to understanding the proc-
esses and behavior of the system, and profiles of atmospheric
density pressure and temperature derived from the radio occulta-
tion observations at high latitudes will be very accurate and
therefore useful particularly under winter conditions.

4.2.4. Expansion of the troposphere due to
global warming. Because the altitude of an atmospheric
pressure level depends on the average temperature at lower alti-
tudes, geopotential height offers a sensitive monitor of tro-
pospheric warming [Gary, 1992], a task for which the accuracy
and coverage of GPS occultations are well suited [Kursinski et
al., 1994]. Occultation-derived geopotential height is particu-
larly well suited for characterizing climate because of its inher-
ent spatial averaging in both the vertical (through hydrostatic
equilibrium) and the horizontal (through the limb-viewing ge-
ometry) dimensions.

A change in temperature 87T over a pressure interval Pgyrto
P will alter the height of P in accordance with hydrostatic bal-
ance such that ’

oz = 2T(z) <i‘2—T>

where z is the original height of P, 6z is the change in z due to
8T, and <8T/T*> represents the value of ST/T° averaged over
the height interval O to z. Since climate models generally pre-
dict tropospheric warming and stratospheric cooling
[Houghton et al., 1992], the largest pressure height increase is
predicted near the tropopause. In the tropics, where the height
and pressure of the tropopause are ~16 km and 100 mbar, (46)
indicates a sensitivity of ~55 meters change per Kelvin change
in average tropospheric temperature. At 300 mbar, the pres-
sure height sensitivity is roughly 30 m K.

Daytime GPS observations of geopotential height in the
upper troposphere will be limited by a systematic 8 to 10 m
variation in geopotential height over the course of the solar
cycle because of incomplete calibration of the ionosphere, an
error source which can be reduced with a higher-order iono-
sphere correction scheme (sections 3.7 and 3.14). A long-
term record of geopotential height derived from nighttime oc-
cultations may be accurate to the 1 m level or better (section
3.14), which at the tropical tropopause represents a sensitiv-
ity to fluctuations in average tropospheric temperature of the
order of 0.02 K, providing an extremely sensitive tro-
pospheric thermometer!

Identifying changes in climate as anthropogenic in origin
requires that the changes be distinct from natural climatologi-
cal variations. Observed variability depends strongly on lati-
tude and season with a distinct minimum at low latitudes
[Peixoto and Oort, 1992]. Day-to-day and seasonal variations
of tropical, tropospheric geopotential height are of the order
of 25 m equivalent to fluctuations in average tropospheric
temperature of the order of 1 K or less.

Two representative examples of equilibrium climate mod-
els, Hansen et al. [1984] and Manabe and Wetherald [1987],
which both predict globally averaged surface warming of 4 K,
predict increases in average tropospheric temperature of 4.6 K
and 3.4 K, respectively, at low latitudes. The corresponding
increases in the height of the 100 mbar level of 260 m and 180
m, respectively, are large in comparison with occultation

(46)
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measurement accuracy and low-latitude natural variability. The
IPCC average predicted warming rate of 0.3 K per decade
[Houghton et al., 1990] predicts the tropical 100 mbar level
will rise ~16 m per decade, a rate at which tropospheric warm-
ing could become apparent in one to three decades. The small
observational errors, small natural variability and relatively
large global warming signature predictions in the low-latitude,
upper troposphere are features characteristic of a "fingerprint"
variable for diagnosing climate change and features useful in
evaluating climate model realism and accuracy.

4.2.5. Changes in humidity. In the lower to middle
" troposphere, particularly in tropical regions, changes in water
vapor abundances provide one of the most sensitive indicators
of modeled climatic change [Barnett and Schlesinger, 1987;
Santer et al., 1990; Schlesinger et al., 1990].  Water vapor
profiles derived from GPS measurements will be most accurate
in the lower troposphere at the tropical latitudes particularly in
the marine boundary layer where expected accuracies below 7
km altitude are similar to goals established by the Global En-
ergy and Water Cycle Experiment (GEWEX) [Starr and Melfi,
1991] and may therefore yield robust signatures of changing
climate.

An understanding of the control of water vapor in the free
troposphere is required to make accurate predictions of global
warming because of the water vapor feedback effect. Present
knowledge of water vapor in the free troposphere is poor. Sun
and Lindsen [1993] have pointed out that tropical climatologi-
cal humidities derived from radiosonde and SAGE observations
differ by a factor of 2 [Oort, 1983; Rind et al., 1993]. Tropical
water vapor profiles derived from GPS observations cover the
altitude regime where SAGE and radiosonde observations over-
lap, offering an independent data set with sufficient accuracy
and insensitivity to clouds (which limits the SAGE data set in
particular) to improve the climatology significantly beyond
that of present knowledge.

4.3. Stratosphere-Troposphere Exchange

Concern over decreasing ozone abundances in the strato-
sphere and their possible anthropogenic causes have focused
research on understanding exchange between the stratosphere
and the troposphere. The tropopause is important in this con-
text as the region across which exchange takes place. For in-
stance, the extremely low water vapor mixing ratios observed
in the lower stratosphere at tropical latitudes have been used to
infer that tropospheric air is migrating upward into the strato-
sphere at these latitudes where the very cold temperatures of
the tropical tropopause and strong temperature dependence of
the saturation vapor pressure of water combine to "freeze-dry"
the air during its upward passage [Newell and Gould-Stewart,
1981].

There has been much debate over whether the low water va-
por mixing ratios require extremely cold temperatures associ-
ated with penetrative convection events or whether slow up-
ward migration of air across the tropopause is adequate to ex-
plain the mixing ratios. Existing data sets are not adequate to
resolve the issue. Radiosonde data have the necessary vertical
resolution, but coverage in the tropics is spatially very un-
even. Further, the low densities of the tropopause affect ra-
diosonde accuracy because of corrections required for effects
such as radiation which depends on cloud cover, cloud top tem-
peratures, solar zenith angle, surface temperature, vertical
temperature structure and vertical distribution of aerosols,
ozone, water vapor, and carbon dioxide [Finger and Schmidlin,
1991; McMillin et al., 1988]. Present estimates of the maxi-
mum magnitude of these errors are of the order of 1 to 3 K
[Ahnert, 1991; McMillin et al., 1988]. Research is under way
to improve radiosonde data for climate applications [Luers and
Eskridge, 1995]. In situ airborne observations are extremely
important but very limited in spatial and temporal coverage.
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Tropopause temperatures derived with nadir-viewing passive
sounders tend to be biased high because of coarse weighting
functions and the combination of a relative temperature mini-
mum and approximately isothermal structure.

GPS occultations will provide globally distributed, high
vertical resolution temperature structure in the vicinity of the
tropopause for characterizing the relationship between tem-
perature and lower stratospheric water vapor densities and, in
the process, constraining the transport mechanism. Since
each 3 K decrease in temperature reduces the saturation vapor
pressure of water by a factor of 2 at tropical tropopause tem-
peratures, temperature accuracy of 1 K or better is needed to be
consistent with knowledge of water vapor mixing ratios. As
shown in Figures 12 and 15, GPS-derived temperatures near the
tropopause should provide sub-Kelvin accuracy. Further, since
the knee of the tropopause can be quite sharp, vertical resolu-
tion of ~1 km or better is needed to resolve the minimum tem-
perature achieved by the upward migrating air mass.

Finally, assimilation of occultation profiles into general
circulation models should improve the understanding of the
basic behavior in the tropopause regime as well as the dynam-
ics of troposphere-stratosphere exchange particularly using
profiles retrieved in the vicinity of the InterTropical Conver-
gence Zone (ITCZ), tropopause folds, and high-latitude tro-
popause region where air is believed to return from the strato-
sphere to the troposphere.

4.4. Polar Regions

The importance of high altitude clouds in global change
lies both in the radiative warming influence they exert
[Houghton et al., 1990, chap. 3; Cess et al., 1990] and in the
heterogeneous chemistry - pathways they enable, such as the
role of polar stratospheric clouds in the depletion of ozone
[Solomon, 1988, 1990]. While the radio occultation observa-
tions are quite insensitive to the cloud particulates, the very
accurate and high vertical resolution profiles of density, pres-
sure and temperature which they provide will yield quantitative
information on conditions in which these clouds form and de-
cay and may in fact detect the signature induced in the vertical
structure by the radiative properties of the cloud.

Because of the concern over reduced stratospheric ozone
concentrations, much interest exists in understanding the
thermodynamic structure and dynamical evolution of the winter
polar vortices where ozone depletions are greatest and con-
tinue to increase. From a dynamical standpoint the highly
variable behavior of the northern hemisphere vortex is par-
ticularly interesting. The very cold lower stratosphere repre-
sents near-ideal conditions for GPS observations of density,
pressure, and temperature, and the high-density of high-
latitude occultation profiles from high inclination orbits pro-
vide a quantitative, high vertical resolution data set of density,
pressure, and temperature with which to observe and model po-
lar vortices. Again, these measurements are insensitive to the
presence of Polar Stratospheric Clouds (PSCs).

4.5. Boundary Layer and Surface-Atmosphere
Interactions

Energy, momentum, and mass are exchanged between the
Earth's surface and the free atmosphere above across boundary
layers. The importance of properly representing the depth and
thermodynamic structure of boundary layers in global forecast
and climate models has been pointed out by Heckley [1985],
Albrecht et al. [1986] and Betts and Ridgeway [1989]. Their
short vertical extent makes space-borne remote sensing of
boundary layers difficult. Boundary layers, in regions of rela-
tively smooth topography can be characterized by radio occul-
tation, particularly layers with distinctive vertical refractivity
structure distinguishing them from the free atmosphere



KURSINSKI ET AL.: OBSERVING EARTH’S ATMOSPHERE BY OCCULTATION USING GPS

(Figures 4a and 4b near 3.8 km). Diurnal variations in the
structure of continental boundary layers and near-surface ther-
mal inversions characteristic of nocturnal conditions, particu-
larly strong in high-latitude winter climates, will also produce
distinctive signatures. The sensitivity of radio propagation
measurements to small-scale refractivity structure in the at-
mosphere will therefore prove useful for understanding energy,
momentum, and constituent transfer between surface and at-
mosphere and their parameterization within General Circula-
tion Models (GCMs) [e.g. Betts et al., 1992]. )

Evaporation of water provides an upward flux of latent heat
which is the largest energy flux on a global scale from the sur-
face to the atmosphere. The upward flux of water vapor has as-
sociated with it a large vertical humidity gradient near the sur-
face. It may be possible to retrieve these gradients and there-
fore infer vertical water vapor fluxes in marine environments if
sub-Fresnel scale vertical resolution can be achieved (section
2.5). The sensitivity of occultation scintillation measure-
ments for inferring structure and intensity of boundary layer
turbulence and therefore the turbulent transport of energy,
momentum and chemical species should be explored. This may
also provide useful constraints on the exchange of energy and
mass between the surface and atmosphere.

4.6. Small-Scale Waves and Turbulence

4.6.1. Background. Small-scale waves transport mo-
mentum and energy within the atmosphere contributing to
middle atmospheric circulation and structure with an impor-
tance that increases with height. For instance, gravity waves
may be responsible for the extremely cold summer-time
mesopause [Fritts et al., 1984]. The ability to remotely sense
turbulence allows the identification of areas of momentum and
energy exchange in the atmosphere and may have commercial
applications for airline traffic. Radio occultation observa-
tions provide a sensitive, high vertical resolution measure of
density and temperature perturbations associated with waves
and turbulence used to characterize their properties in the at-
mospheres of Venus, Jupiter, Titan, Uranus and Neptune
[Allison, 1990; Hinson and Tyler, 1983; Hinson and Magal-
haes, 1991, 1993; Hinson and Jenkins, 1995]. These features
combined with global coverage suggest GPS occultations will
provide a quantum step in observational capability for wave-
related research in the Earth's atmosphere.

4.6.2. Resolution. The sensitivity to waves of any
remote sensing technique depends on resolution. For occulta-
tion observations, waves divide into two classes, those whose
vertical wavelengths are either larger or smaller than a Fresnel
diameter. Observations of waves in the first class are inter-
preted in terms of geometric optics, whereas those in the sec-
ond class require interpretation through diffraction theory.
GPS observations smoothed to the Fresnel scale are sensitive
to waves of vertical wavelengths greater than ~2 km and hori-
zontal wavelengths larger than of the order of 200 km. Sensi-
tivity to higher horizontal wavenumbers is dependent on the
orientation of the wave fronts relative to the GPS signal ray
path. Optimum sensitivity occurs when the wave fronts lie
parallel to the GPS signal ray path such that the density per-
turbation along the horizontal averaging interval of the radio
ray path is roughly constant and adds constructively. Several
multiazimuthal slices through a wave field are necessary to
constrain its horizontal structure and type as well as its phase
and group velocities through the dispersion relation. A con-
stellation of orbiting receivers would be very useful in this re-
gard. The diffraction-limited resolution is adequate for resolv-
ing the dominant, vertical, gravity wave scales of 2 to >15 km
observed in the middle atmosphere [Muruyama et al., 1992].

4.6.3. Sensitivity. Sensitivity to wave profiles is
limited by thermal noise and perhaps residual sub-Fresnel scale
ionosphere structure (section 3.7). Since fractional thermal er-
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ror scales with height as exp(z/H), whereas nondivergent wave
amplitude grows as exp(z/2H), the greatest sensitivity to
waves exists at lower altitudes, allowing waves to be traced
back to their source in the lower atmosphere. The thermal
noise contribution in Figure 13 indicates ~1-2 km vertical
wavelength waves will be apparent at amplitudes of 1-2% at
about 60 km altitude and ~0.001% at 10 km altitude, sensitiv-
ity which is borne out by the 0.1 K amplitude waves derived in
the stratospheres of Uranus and Neptune from Voyager radio

occultation observations [Hinson and Magalhaes, 1991,
1993].
4.6.4. Side-looking occultations. Because of

their relatively large vertical component of group velocity,
short horizontal wavelength gravity waves may transfer sig-
nificant momentum and energy from the lower atmosphere to
the middle and upper atmosphere. Observing this class of
waves has proven difficult [Fritts et al., 1989] and side-
looking occultations offer a new approach. In a side-looking
occultation the ray path is approximately orthogonal to the
orbiting receiver velocity vector such that its motion through
the atmosphere is primarily horizontal. The pencil-beam
sampling volume has a cross-track horizontal resolution of
~1.4 km defined by the diameter of the first Fresnel zone
(Figure 4b), 1 to 2 km vertical resolution roughly defined by
the 50% bending interval (Figure 5), and a corresponding
along-path horizontal averaging interval of 200 to 300 km.
Sensitivity to short horizontal wavelengths as small as 1 km
or less will occur when the wave fronts are aligned parallel to
the GPS ray path as discussed above. Again, multiple az-
imuthal cuts through a region would constrain the properties of
the waves.

4.6.5. Scintillations. Sub-Fresnel scale wave and
turbulent structure create scintillations in the measured phase
and amplitude. Small-scale waves and turbulence differ in that
waves are resonant whereas turbulence is dissipative. The az-
imuthal assymetry of waves can be used to determine whether
scintillations reveal the presence of a wave propagating
through a region or a turbulent transfer of momentum to the
background circulation.

Diffraction maps the spatial spectrum of the wave and tur-
bulence structure in the dimension orthogonal to the motion of
the signal path tangent point to a temporal spectrum of phase
and amplitude variations [Yeh and Liu, 1982; Hinson and Ma-
galhaes, 1991]. Scintillations observed during vertical and
side-looking occultations are due primarily to sub-Fresnel
scale structure in the vertical and horizontal dimensions, re-
spectively and provide 1-D spatial spectra of small-scale at-
mospheric structure. On the basis of the Nyquist criteria the
minimum resolvable spatial wavelength with 50 per second
sampling is 100 m in the vertical and 250 m in the horizontal.

4.6.6. Sources and sinks. Determination of the spa-
tial and temporal distribution of waves, their sources and
sinks, and excitation and dissipation mechanisms has been
limited by the distribution of the present, land-biased observa-
tional database of balloons, radars, and lidars. The global per-
spective from space is yielding promising results and insight
[Wu and Waters, 1996]. The resolution, sensitivity, and
global coverage of radio occultation data offer a global data-
base with vertical resolution higher than other present satel-
lite techniques spanning an altitude range from roughly the
midtroposphere (limited by the water vapor ambiguity) into
the mesosphere (limited by thermal noise and possibly iono-
spheric scintillations). In addition, occultation-derived elec-
tron densities in the ionosphere above 90 km can be used to
study coupling between the ionosphere and the neutral atmos-
phere below. All of these occultation attributes can be applied
to study the sources and sinks of atmospheric waves.

4.6.7. Present and future observations. Occulta-
tion observations are well suited for observing planetary Kel-
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vin, Rossby-gravity and inertio-gravity waves trapped in the
equatorial region. While these waves have been observed with
radiosondes since the 1960s, their short vertical wavelengths
have limited their detection from space. We see a great deal of

equatorial wave activity in the 1 to 4 km vertical wavelength’

range in the initial GPS-MET data, far more than is apparent at
higher latitudes. Waves with a ~3 km vertical wavelength
have been identified as either a Rossby gravity or an inertio-
gravity wave because of their large horizontal wavelength and
extent and clear asymmetry across the equator of the vertical
phase structure [Kursinski et al., 1996], demonstrating the
resolution and sensitivity of the data. Equatorial waves are be-
lieved to couple tropospheric convective activity to strato-
spheric circulation. In particular, the theory of the quasi-
biennial oscillation (QBO) couples Kelvin and Rossby-gravity
waves to the zonal wind pattern of the lower stratosphere.
While it is presumed that equatorial waves are driven from be-
low by tropospheric convection, a quantitative understanding
of the excitation process is open to question. Occultation ob-
servations offer the first global data set with which to develop
an understanding of the sources and sinks and coupling mecha-
nisms, study their influence on exchange between the tro-
posphere and the stratosphere, as well as a possible method for
monitoring tropical convection vigor, frequency and organiza-
tion, and variability with space and time.

5. Conclusions

An overview has been presented of the concept to utilize
the GPS satellites and the radio occultation technique to ob-
serve the Earth's atmosphere. Refractivity is derived as a func-
tion of height, from which density, pressure, and temperature
are derived in the cold regions of the atmosphere, while pro-
files of water vapor can be derived in the warm regions of the
middle to lower troposphere. Three orbiting GPS receivers
would provide a globally distributed set of daily profiles equal
in number to that provided by the present radiosonde network
and twice that if the receivers could also acquire signals from
the GLONASS constellation. Derived profiles extend from the
surface to roughly 60 km altitude and could possibly be pushed
higher. The spatial resolution of the profiles is comparable to
or exceeds that of GCMs providing much needed ~1 km or bet-
ter vertical resolution throughout the troposphere during all
weather conditions.

Errors limiting the accuracy of derived refractivity, pres-
sure, temperature and water vapor divide into three altitude re-
gimes. Errors above 30 km are dominated by measurement er-
ror, calibration error, and upper boundary errors, the magni-
tudes of which depend on instrument quality, the solar and di-
urnal cycles, and knowledge of atmospheric structure above
~60 km altitude. Because atmospheric refractivity grows ex-
ponentially with decreasing altitude, the fractional errors in re-
fractivity, density, pressure, and temperature are generally
maximum near 60 km and decrease rapidly at lower altitudes.
Refractivity, pressure, and temperature errors at 60 km where
the Abel and hydrostatic integrals are initialized are estimated
to be 2-3%, ~200 m, and ~10 K, respectively, under nighttime
solar maximum (or daytime solar minimum) conditions and a
level of thermal noise expected of future instrumentation. In-
complete removal of the effects of the ionosphere during day-
time solar maximum conditions using the present ionosphere
calibration scheme will affect accuracy, particularly geopoten-
tial accuracy, above 20 to 30 km and can be improved with a
better calibration scheme. Thermal error can be reduced at the
expense of vertical resolution. Errors decrease exponentially
below 60 km with decreasing altitude to about 30 km altitude.

The greatest accuracy is expected between 5 and 30 km alti-
tude limited by errors caused by horizontal refractivity varia-
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tions. Within this vertical interval, refractivity, geopotential
and temperature errors of 0.2%, 8 to 20 m, and 0.2 to 0.4 K, re-
spectively, are expected when the Abel transform is used to de-
rive refractivity. With a more sophisticated retrieval process
which incorporates horizontal refractivity structure, these er-
rors will decrease possibly by an order of magnitude.

Near the surface the influence of water vapor dominates
both in terms of refractivity errors due to horizontal refractiv-
ity structure and the ambiguity in separating the dry and moist
contributions to total refractivity. Simulations indicate rms
refractivity error increases near the surface to ~1%, a result
which will depend on latitude and seasonal conditions. The
wet/dry ambiguity of tropospheric refractivity which limits
the accuracy of geopotential and temperature derived in the
lower troposphere exhibits a strong seasonal and latitudinal
dependence. At low latitudes, temperatures accurate to 1-2 K
will be limited to altitudes above 8 km. In contrast, under the
very dry, high-latitude winter conditions, derived geopotential
and temperature accuracies of 20 m and 2 K or better should ex-
tend to the surface. Despite the limit imposed on low-latitude,
lower troposphere temperature accuracy by the wet/dry ambigu-
ity, accurate geopotential of pressure surfaces derived at the
midtroposphere provide an accurate measure of average tem-
perature in the lower troposphere. For example, knowledge of
the 300 mbar geopotential to an accuracy of 8 m is equivalent
to knowing the average temperature below 300 mbar to ~0.3
K.

Because of the strong temperature dependence of the satura-
tion vapor pressure of water, the contribution of water vapor to
refractivity increases dramatically with decreasing altitude in
the lower troposphere. A latitudinally and seasonally varying
altitude band of the order of 2 km thick exists above which
very accurate temperature and geopotential profiles can be re-
covered and below which the occultation data are best used to
derive water vapor. Within the 2 km transitional band, refrac-
tivity is very accurate, but the information content in the con-
text of present knowledge of temperature and humidity is
somewhat evenly weighted between the two with temperature
and moisture accuracies of 3-5 K and 30-50%, respectively. At
low latitudes, water vapor can be derived to 20% accuracy up to
6 to 7 km and to 1 to 5% within the boundary layer, depending
on the accuracy to which near-surface refractivity can be de-
rived. Midlatitude accuracies will depend on season. At 45°
latitude the altitude of 20% accuracy varies from approximately
5 km in the summer to 2-3 km in the winter hemisphere
[Kursinski et al., 1995]. )

Several applications have been described briefly, a number
which will undoubtedly increase with time. With regard to
weather prediction and physical process studies, a global set of
occultation measurements would greatly extend the temporal
and spatial coverage provided by the present radiosonde net-
work. In particular, the characterization of weather systems
which evolve over the ocean prior to moving over continents
should be a natural application for this data set. Because of the
coverage and resemblance to conventional in situ measure-
ments, the radio occultation data are ideally suited to existing
data assimilation techniques. Data assimilation systems can
also enhance the impact of the occultation measurements by
resolving the ambiguity between water vapor and temperature
contributions to refractivity in the troposphere. Since the
products of such data assimilation systems are expected to
form the basic data sets for climate and physical process stud-
ies, GPS radio occultation measurements have the potential to
significantly advance our understanding of the Earth's climate
and of both natural and anthropogenic factors contributing to
climate variations.

GPS occultations are well suited to the long-term needs of
climate research because of their absolute accuracy. The one

. systematic error in long-term variations appears to be residual
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daytime ionosphere error over the course of the solar cycle
which is small (at 30 km altitude are ~30 m and ~1 K respec-
tively and decreases to ~1 m and 0.01 K at 10 km altitude), and
improvements of at least a factor of 3 are expected with a
higher-order calibration scheme. Profiles derived at nighttime
have no obvious long-term error and may be accurate at the
hundredths of a Kelvin level both in terms of temperature and
average tropospheric temperature implicit in observations of
geopotential.

Several possible approaches have been discussed in which
the occultation data could be used for monitoring and detecting
anthropogenically induced climate change, including propaga-
tion delay, the transition from tropospheric warming to
stratospheric cooling near the tropopause, expansion of the
troposphere due to tropospheric warming, near-surface warm-
ing of the winter troposphere at high latitudes, and increased
water vapor abundances in the lower troposphere associated
with tropospheric warming. Of these, measuring the expan-
sion of the troposphere using geopotential is particularly at-
tractive because of large warming signatures predicted by mod-
els, low natural variability at low latitudes, and high measure-
ment accuracy. Further, the accuracy of derived refractivity and
the ease of its calculation in models makes refractivity a candi-
date as a climate variable as well.

The uniqueness of the observable, the atmospheric Doppler
shift, combined with the independence of the retrieval process
from initial model guesses except at the upper boundary, im-
plies that errors in these observations will be independent of
errors inherent to passive remote sensors and therefore provide
an important database for assessing and sorting out observa-
tional accuracy in long-term climate data sets. For similar rea-
sons the data may also be useful for calibrating other remote
sensing or even in situ observations for weather.

The ability to acquire a global set of high vertical resolu-
tion observations insensitive to aerosols, clouds, and precipi-
tation means atmospheric conditions can be observed during
- all atmospheric phases of the hydrological cycle, an important
capability needed for GEWEX and a significant enhancement
over the dry-biased conditions inherent to IR and visible ob-
servations.  Further, the response of the atmosphere to
changes in radiative forcing due to large injections of volcanic
aerosols can be observed both inside and below the aeroscl
layers, avoiding some of the problems experienced by the
UARS IR and visible sensors with the eruption of Mount Pi-
natubo.

The sensitivity of radio occultation observations to verti-
cal wave structure demonstrated at the other planets and in the
equatorial lower stratosphere in the GPS-MET results promises
GPS occultations will provide an unprecedented sensitive,
global, high vertical resolution database characterizing at-
mospheric waves and turbulence in the lower and middle at-
mosphere. The high horizontal sampling density and multiaz-
imuthal scans provided by a constellation of orbiting receivers
would be particularly useful in resolving ambiguities between
candidate wave types and distinguishing between turbulence
and small-scale waves.

In summary, the GPS occultation technique provides an un-
usual combination of important features complementary to
other present and planned sensors. Further, the small size,
simplicity, and low cost of GPS instrumentation required in
comparison with other remote sensing instruments is an in-
creasingly important attribute in today's era of shrinking re-
search budgets and promises significant roles in the future.
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